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SUMARY
Two types of ultrasonic interferometer have been used to measure the wave­
length of compressional waves in aqueous, methanol and ethanol solutions of 
electrolytes; densities of the solutions studied have been measured. Velocities 
of sound, compressibilities, and apparent molal compressibilities have been 
calculated from the density and wavelength data over a range of concentrations 
up to saturation.
Velocities of sound usually increase with increasing solute concentration; 
however in a few cases where heavy, or complex ions occurred, the velocity 
decreased with increasing solute concentration.
The compressibility of a solution is always less than that of the pure
solvent, and the extent of the decrease has been used to determine solvation
numbers, using an empirical equation which is related to a theoretical equation
(55)derived by Passynsiki .
Apparent molal compressibilities 9  ^were calculated, and the extrapolated 
values at infinite dilution determined, these were found to be related to the
_L
solvation numbers. The variation of 9  ^with C^2 is linear as can be shown from
the Debye Huckel theory; deviations from the theoretical slope have been
(71}
accounted for by an equation analagous to that used by Onsager in 
electrical conductance work.
I3.
The solvation numbers at infinite, dilution of a series of solutes have 
been determined in water, methanol, and ethanol; individual ionic hydration 
numbers have been suggested. The solvation of anions in alcohols follows the 
reverse order to their hydration, whereas the orders of solvation of cations in 
water and alcohols are the same; this has been explained in terns of 
orientation of the solvated solvent molecules.
Acids and tetra-alkyl ammonium salts show unexpected solvation numbers, 
it is suggested that this is due to opposing effects of ”structure making” in 
the solvate shell, and ’’structure breaking” at the boundary of the solvate shell; 
the greater effect determines the overall order of the solution, and thus the 
observed solvation number.
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5.
PREFACE
Although water is the most commonly used solvent, little is known 
concerning its structure and the structure of aqueous solutions.
Ultrasonics has been used as a method of studying aqueous and non-aqueous 
solutions by many workers, their results however are rarely comparable due to 
the wide range of frequencies and temperatures used.
This thesis contains the results of ultrasonic measurements made on 
aqueous and .alcoholic solutions; some of the former have already been studied, 
but by using the same conditions for all the measurements, it is possible to 
compare and contrast the results in water and in the alcohols, and so obtain 
a clearer picture of solvation and its dependence upon solute and solvent.
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7PART I
SECTION I
INTRODUCTION TO ULTRASONICS
Ultrasonics is the name given to the study of compressional waves at
frequencies too high to affect the human ear, i.e., above 20,000 cycles/sec.
(1)(20 Kc/s.). The upper frequency range has recently' been extended to the 
microwave region, 1000 - 4000 Mc/s.
In 1883, Galton^ designed a whistle for the production of sounds near
the upper limit of human hearing. The whistle generator has been improved by 
(3)Hartmann' •
In 1900, Duddell^ used an arc as part of a tuned circuit consisting of an 
inductance L and a capacitance C in parallel. The period of oscillation is
jf— W W
given by 2njLC, so that if L and C were made small enough, ultrasonic waves 
could be generated.
Both the whistle and arc gave considerable ultrasonic energy, but the 
impurity of amplitude and frequency make them unsuitable for accurate measurements. 
Following the development of the thermionic valve, the magnetostrictive and 
piezo-electric effects were made use of in ultrasonic sources.
(5)Magnetostriction was first observed by Joule who found that a rod or
tube of ferromagnetic material undergoes a change in length when subjected to
(6)a longitudinal magnetic field. Pierce' designed circuitry to maintain 
magnetic rods in oscillation. The effect is veiy small, amounting to only a 
few parts in a million, and the frequencies obtained are usually lower than 
25 Kc/s.; there is also a considerable heat loss.
(7)The piezo-electric effect was discovered for quartz by J. & P. Curie •
They established that crystals lacking a centre of symmetry, when compressed
9.
along certain axes, develop positive and negative charges proportional to the 
applied pressure* Later they discovered the converse effect, viz,, a change 
in the dimensions of the crystal when a potential difference is applied - the 
electrostrictive effect.
In 1917, Langevin' 1 excited a quartz crystal into rhythmic oscillation at 
one of its natural frequencies by setting it in resonance with a thermionic 
valve oscillator.
Crystals suitable for electrostriction are characterised by their three 
axes. One of these axes, referred to as the Z axis is the optical axis, that 
along which the crystal is birefringent. It can be located by passing polarised 
light through the crystal, and finding a direction such that *as variation in 
transmitted light occurs as the crystal is rotated about this axis. Charges 
are developed at the ends of the X and Y axes; facets on the crystal are etched 
with hydrofluoric acid, and light is passed along the Z axis. After refraction 
and emergence, the light is concentrated into three characteristic spots at the 
vertices of an equilateral triangle. The position of these spots determines 
the location of the X and Y axes.
Discs having the diameter along the Y axis, and the ’’thickness" along the 
X axis, are used as sources of ultrasonic energy. The potential is applied 
across the "thickness", and motion takes place in the same direction. If the 
face is in contact with a fluid, ultrasonic waves will be generated in the fluid. 
Figure 1 shows the orientation of such an ”X-cut" disc in a crystal of quartz.
X-CUT. DISC FROM QU A R T Z  
FIGURE I
11. ;
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In 1925, Pierce^ developed the first ultrasonic interferometer - so called 
from its similarity to optical interferometers. It consisted of a quartz 
crystal excited hy a valve oscillator, and a quartz reflector parallel to the |
oscillating crystal. The source crystal was movable in a direction perpendicular j 
to its flat surface. When the distance between source and reflector was a 
multiple of the half-wavelength of the waves in the gas studied, standing waves 
occurred; the waves returning from the reflector reached the source in opposition 
of phase, and the mean value of the anode current was altered. The change in 
an^de current, which occurs once every half-wavelength of motion of the source, 
was detected by a galvanometer. A simplified Pierce circuit is shown in Figure 2.
All other methods of measuring the propagation constants, i.e. the velocity 
and absorption of ultrasonic radiation in fluids, are based upon this original 
interferometer.
It is interesting to compare the velocities of ultrasonic waves and of the 
electromagnetic waves which are used to excite ultrasonic generators.
Electromagnetic waves travel by transverse variations of magnetic and electric 
fields with a velocity in vacuo of 3 x 10^  cm/sec.; ultrasonio waves of similar 
frequencies to electromagnetic ’’radio" waves travel at 33,136 cm/sec. at 0 
degrees C in dry air, and at 1498.3 x 10 cm/sec. at 25 degrees C in water.
Thus, the wavelengths^ of the two types of radiation differ greatly. For 
electromagnetic radiation of frequency 1 Me/s. « 300 m.; for an ultrasonic
wave of the same frequency, in air \  = 0.33 mm., and in water « 0.15 cm.
Since the ultrasonic interferometer was introduced by Pierce, an intensive 
study has been made of the velocity and absorption of ultrasonic radiation in
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various media; as this thesis deals solely with velocity measurements and their 
interpretation, only these aspects of previous work will be reviewed.
Hubbard and Loomis^1 made improvements to the Pierce interferometer and 
developed a high-precision instrument by which the wavelength of ultrasonic 
waves in liquids could be determined with great accuracy* Only a relatively 
small quantity (c .100 ml.) of the liquid was required*
(11)Freyer, Hubbard, and Andrewsv further improved the interferometer design,
and calculated adiabatic compressibilities from the velocity results of a wide 
range of organic liquids. The results for water were compared with 
compressibilities obtained from piezometric measurements. Absolute velocities 
accurate to 0.06$ were claimed, r
(12)Brillouin suggested that the periodic variations in density of a 
liquid through which ultrasonic waves were passing should give it a "structure” 
which could be revealed by a light-diffraction pattern.
Debye and Sears^^, and Lucas and Biquard^^ independently developed 
instruments based upon Brillouin*s suggestion; using a column of ultrasonic 
standing waves as diffraction grating in a spectrometer, they obtained the image 
of the slit source, together with diffracted images. The velocity of the 
ultrasonic waves could be calculated from the separation of the diffracted 
images, Alternatively, the "grating" itself could be seen by a different 
focussing of the telescope as a Sclilieren pattern, and the half-wavelength
(15)directly measured. Hiedemann photographed both standing waves, and 
progressive waves (the latter stroboscopically), by a Schlieren technique.
As will be seen later, the compressibility of a liquid can be readily 
calculated from the velocity of sound through the liquid? a number of attempts 
have been made to correlate the velocity with other known molecular properties.
(16)M.R. Rao has pointed out that in many liquids the cube root of the 
velocity of ultrasound is inversely proportional to the molecular volume.
Rao’s constant of proportionality in an homologous series increases with the 
addition of CH^ groups, and is proportional to the molecular weight.
Extensive measurement has been made of the velocity of ultrasound in 
organic liquids, and in aqueous solutions, but with a few notable exceptions the 
results are very inconclusive, and owing to the wide range of conditions used, 
cannot be compared.
15.
PART I
SECTION II
1. APPARATUS
An ultrasonic interferometer of the type described by Hubbard and Loomis (
was used to study a series of aqueous solutions. In an attempt to improve i,
the accuracy of measurements in the more dilute non-aqueous solutions, an 1
. f  1
interferometer similar to that of Debye and Sears was designed and built. |
The two -types of interferometer and their use will be described separately. 1
Hubbard and Loomis’ Type Interferometer J |
The ultrasonic interferometer (figure 3) consists of a cylindrical brass | J
i;
chamber of internal diameter 8 cm., external diameter 8.5 cm., and of length 10 cm,j;'
An nX*«out” quartz crystal (supplied by The Quartz Crystal Co.Ltd., New Malden, 
Surrey, England) of 3 cm. diameter and 1.15 cm. thickness, and sputtered with 
gold on each flat face is supported in a 1 cm. thick perspex ring firmly bolted 
to a flange on the inner wall of the cylinder. The crystal is supported by 
four thin rubber pads, and sealed into the perspex ring with the rubber-based 
adhesive Evostick. The bolt holes and the outside edge of the perspex ring 
are also made watertight with Evostick.
The lower chamber beneath the crystal houses a platinum spring pressing 
against the underside of the crystal, supported by a second perspex ring bolted 
to a flange on the inner cylinder wall. The outer sheath of a co-axial 75 ohm 
cable is soldered to the brass cylinder, and the inner Core connected to the 
platinum spring. Electrical contact to the upper face of the crystal is 
capacitative.
The reflector is a flat brass plate of diameter 5*5 cm* and thickness 0*3 cm.
A brass rod 12.2 cm. long is soldered to the upper face of the reflector and 
screwed into a spring-loaded plunger inside a smaller brass cylinder (13,5 cm. 
long, internal diameter 1.25 cm., external diameter 1,85 cm.) which is a vertical
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extension of the heavy lid. The lid is supported on the brass cylinder by 
three levelling screws resting in assymetrically-placed hollows in the cylinder 
xim.
The reflector is displaced vertically by a precision micrometer, the head 
of which is divided into hundredths of a millimeter, having a total travel of 
2.5 cm. The spindle of the micrometer acts upon a hemispherical hearing on 
the plunger. A screw on the side of the plunger engages in a slot in the 
smaller brass cylinder to prevent the plunger, and hence the reflector, from 
turning; a tight fitting collar in the lid also restricts lateral movement of 
the reflector. The reflector is therefore moveable only in a vertical direction, 
and the displacement can be measured to 0.01 mm.
The strong spring prevents backlash, and ensures an accurate reading of 
displacement in either direction of vertical movement. The plane of the 
reflector can be made parallel with the upper flat surface of the ciystal by 
adjustment of the levelling screws.
The liquids and solutions under examination are contained in a polythene 
cup, of diameter 5*7 cm., and depth 5 cm.; the base of the cup is of thin-gauge 
polythene sheeting sealed to the walls with Evostick. This thin base rests on 
the upper face of the crystal, and good mechanical contact is made with a film 
of solvent.
The crystal is driven by an oscillator and amplifier shown in figure 4.
The crystal controlled modified Colpitts oscillator of frequency 264.4 Kc/s. 
feeds a TT11 (CV1501) cathode follower; this stage buffers the oscillator from
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any changes occurring in the R.F. amplifier. The amplifier consists of one 
6AM6 followed by two TT 11 (CV 150l) CR coupled in series. The output is 
matched into 75 ohm co-axial cable by an air-cored transformer with tuned 
secondary; the co-axial cable is taken to the lower chamber of the interferometer.
Power supplies to the oscillator are taken from a Solartron supply sub unit 
(type AS754) giving 300 volts DC., smoothed with less than 300 R.M.S, ripple. 
(Despite such smoothing of the H.T., mains interference still gave considerable 
trouble, and often the apparatus could not be used because of this).
As the reflector is displaced through liquid in the cup, standing waves are 
set up at half-wavelength intervals of the reflector movement, when the reflector 
is at a node. These standing waves interact with the crystal, and cause a 
decrease in the voltage across it. A Marconi valve voltmeter (type T.F, 42SB/l) 
is used to measure the voltage across the crystal. The nomal internal H.T, of 
the valve voltmeter was disconnected, and a stabilised H.T, supplied from the 
stabilised power “unit.
The output voltage of the oscillator amplifier is 100 volts R.M.S,, and the 
decrease in voltage at a node is ca. 2 volts; therefore in order to obtain a 
full-scale meter deflection on the valve voltmeter 1,5 volt range when passing 
through a node, it is necessary to back-off the valve voltmeter with 270 volts 
D. C. from dry batteries connected to the D. C. input of the valve voltmeter,
A block diagram of the apparatus is shown in figure 5»
Before accurate measurements could be made, it was necessary to align the 
crystal and reflector; this was difficult, as the crystal and reflector are
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enclosed in the brass cylinder. The reflector was first adjusted to be
approximately parallel with the crystal. With water in the cup, two of the
levelling screws were used to alter the alignment of the reflector; between each 
adjustment, the displacements between a series of nodes were measured, and this 
was repeated until an equal displacement was obtained between the eight observable 
nodes in water. The levelling screws were then sealed with varnish, and the
reflector and crystal planes assumed to be accurately parallel.
Debye and Sears Type Interferometer
The main disadvantages of the Hubbard and Loomis apparatus are the sensitivity 
to mains voltage fluctuations, the small number of half-wavelengths which can be 
measured, and the difficulty of aligning crystal and reflector.
An increase in the frequency of the crystal^ decreases the half-wavelength 
proportionately; if the frequency is raised sufficiently, standing ultrasonic 
waves in the liquid under study cause periodic density variations which may be 
used as a diffraction grating. A new type of interferometer was designed in 
an attempt to improve the accuracy of half-wavelength measurement at low solute 
concentrations, as required in non-aqueous solvent studies. The frequency 
chosen was 1 Mc/s.; the half-wavelength in water at this frequency is 0.75 mm.;
I
and thus the grating is of approximately 34 lines per inch.
To overcome the difficulty of aligning the crystal and reflector, the 
liquid-air interface is used as a reflector (see Hunter^\ Fogg^^). An 
ai3>water interface is a better reflector of ultrasonic waves than a steel-water 
interface; 99*88^ and 86.1^ of ultrasonic energy are reflected by an air-water
23.
(ig)
interface, and a steel-water interface respectively . By levelling the upper 
surface of the Crystal, the crystal and reflector (liquid surface) are directly 
in alignment.
The interferometer is shown in figure 6. It consists of a stainless steel 
cylinder, of internal diameter 5 cm., external diameter 6 cm., and length 14 cm., 
welded to a heavy stainless steel hase 1 cm* thick. The underside of the base 
is machined flat. The inside of the base is "funnelled” down to a "Vs inch hole 
in the flat surface, and the base is supported by three levelling screws.
Windows (10 cm. x 2.3 cm.) in opposite walls of the cylinder are made of 
optical glass flats, supported on stainless steel blocks welded to the cylinder* 
The windows are optically parallel, and sealed to the metal with Evostick; brass 
plates bolted to the steel give further support and protection to the glass.
The crystal, of diameter 1. inch, and of thickness 2mm., (supplied by The 
Quartz Crystal Co.Ltd.) is sputtered with silver on both flat faces, and is 
fixed over the hole in the base with a thin layer of Evostick between tho 
Vie inch overlap. Electrical contact from the driving oscillator is $ade by 
75 ohm co-axial cable; the outer sheath is connected to the stainless steel body 
of the interferometer, and the inner core is connected to the silvered lower 
face of the crystal by a metal spring supported by a perspex insulator.
Electrical contact to the top face of the crystal is capacitative from the 
silvered surface to the interferometer base.
Levelling of the crystal is carried out by placing a flat aluminium sheet 
(3 x 6 x 0.5 cm.) partly against the underside of the interferometer base, with 
a circular spirit level on the overlap; adjustment of two of the levelling screws
24
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levels the base, and thus aligns the top surface of the crystal with the surface 
of.the liquid in the interferometer.
Liquids tinder examination are contained in an optical glass cell of 
dimensions 3 x 3 x 20 cm., inside the interferometer. Water is used to give 
mechanical contact between the crystal and the flat base of the cell, and also 
around the cell to prevent condensation on the interferometer windows* The 
glass cell is closed by a rubber bung, through which is a glass rod in a tight 
fitting polythene sleeve, the cell and bung are shown in figure 7. By moving 
the rod, the liquid level is altered, and standing waves may be set up, reflected 
from the liquid surface.
The optical apparatus (figure 8) used with interferometer consists of a 
collimator and telescope mounted in opposition on an omega - (-0-) shaped 
aluminium plate. The interferometer stands between the collimator and telescope. 
The aluminium plate is mounted in place of the microscope on an accurately 
vertical cathetometer reading to 0.01 mm., and is also levelled with a circular 
spirit level. The vernier and optical apparatus are moved up and down by means 
of a rack and pinion mounting.
For measurements of half-wavelengths by the Schlieren technique, a 3^ watt 
tungsten lamp is clamped at the slit, and moves with the collimator and telescope. 
For observation of diffraction bands, a 60 watt sodium lamp is more suitable.
The oscillator (figure 9) driving this interferometer is a modified Colpitts 
crystal-controlled oscillator operating at 985*3 Kc/s., followed by a 6AK6 
cathode follower, and an R.F. amplifier of one 6AM6 and one 807 (CV 124) in series.
26
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The output (ca* 20 watts) is not tuned, and is connected to the interferometer 
by co-axial cable* A neon-tube stabilised power supply is used, but no special 
precautions are taken with smoothing, as mains voltage fluctuations cause 
differences in light intensity which do not interfere with the use of the 
apparatus.
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PART I
SECTION II
2. MATERIALS
Solvents
Water; Conductivity water was prepared by passing freshly distilled water 
through the mixed-bed, ion exchange resin Biodeminrolit supplied by The Peimutit 
Company Ltd. This was used for the preparation of all aqueous solutions.
Methanol: Absolute methanol was prepared from commercial methanol by
treatment with magnesium activated with iodine; the dehydration is due essentially 
to the magnesium methoxide f o r m e d .
Ethanol: Rectified spirit containing 95.6$ ethanol was partially
dehydrated by refluxing with calcium oxide; the 9W° pure product was completely
(21)dried with activated magnesium .
Solutes: "Analar” laboratory chemicals were used where possible without
any further purification except drying at 110 degrees C. All other laboratory 
chemicals except acids, alkalis, ammonium salts, and iodides were recrystallised 
at least once from the appropriate solvent, and dried at 110 degrees C.
Ammonium salts and iodides were dried at 60 degrees C. under vacuum.
Preparation of Aqueous Solutions
Salts were purified as above, and a saturated solution was prepared. After
density and half-wavelength measurements had been made, the solution was diluted
by weight. The most dilute solution was analysed (see below); the density
(22)
measurements compared with International Critical Tables gave a good guide 
to the accuracy of the analysis, and the experiments were repeated if a 
discrepancy occurred.
Analysis of Aqueous Solutions
(23)Halides were analysed by Volhard’s method . Alkalis were standardised 
against potassium hydrogen phthalate^2^* Acids were standardised against 
standard sodium hydroxide solution.
MgCl^, MgSO^, AgNO^, NaNOy LiNO^, KNO^, and NH^NO^ treated as described 
were considered to be primary standards.
Non-aqueous Solutions
Solutions in methanol and ethanol were prepared by weight, and no attempt 
was made to analyse these.
33.
PART I
SECTION III
EXPERIMENTAL TECHNIQUES
34.
Density Measurements
Before measurement of half-wavelength, 25 ml. samples of the solutions were 
withdrawn by a standardised pipette, and weighed in a stoppered weighing bottle. 
It was found that densities accurate to - 0.04$ could be obtained by this method. 
This degree of error is quite acceptable.
Measurement of Crystal Frequencies
It is necessaiy to know exactly the natural resonant frequencies of the
interferometer crystals. The two interferometers were dismantled, and each
crystal was placed in turn on the flat aluminium chassis of the oscillator
shown in figure 9. The 985*3 Kc/s. oscillator crystal was removed, and the
’’live” crystal socket connected to the upper face of the interferometer crystal
by a short length of wire and a brass plate. Each interferometer crystal in
turn was then allowed to oscillate at its resonant frequency, and the output
e
of the amplifier was monitored by a hetrodyne frequency meter type CKB-74028 
manufactured by Mission Bell Radio Mfg. Co. Inc.
The measured frequencies of the two crystals are:- 
Hubbard and Loomis Type Interferometer: 265*9 Kc/s.
Debye and Sears Type Interferometer: 973*2 Kc/s.
Use of the Hubbard and Loomis Type Interferometer
The apparatus was enclosed in a 21. beaker partly immersed in a water
thermostat, electrically heated and controlled by a Sunvic relay connected to a 
mercury-toluene regulator. The top of the beaker from which the micrometer 
projected was covered to avoid heat loss. The temperature inside the
interferometer was maintained at 25.00 1 0.01 degrees 0. | ;
Solutions to be studied were stored at 25 degrees C., and transferred
rapidly to the cup, also maintained at 25 degrees C. The cup was then placed | ;
on the crystal, ensuring that no air bubbles were trapped in the film of wateaa> | ;
s©lveKii\ ! |
The valve voltmeter was switched to the 150V range; the backing off batteriesp 
were switched into oircuit, and the valve voltmeter range switch was reduced to [
the 1.5V range with suitable adjustments to the R.F. amplifier gain controls. |
I'
The R.F. amplifier output tuning condenser was adjusted to give maximum voltage j
I '■
output. *
i
The micrometer was set to its lowest calibration, and the nearest node |
found by the reading on the meter. The reflector was then raised through the
liquid and the number of nodes passed was noted; in water, it was possible to
detect 8 nodes within the range of the micrometer (figure 10). A full-scale j
meter deflection was obtained between nodes. If the micrometer reading (estimated^
th j
to 0.001 mm.) at the first node was A, and that at the n node was B, then the !
half-wavelength V 2 of the ultrasonic wave was given by IV2 = (B-A)^_0
'* |
Each measurement of half-wavelength was carried out at least five times, as j :
rapidly as possible to avoid local heating by the ultrasonic beam. The mean of 
the five results was taken as the half-wavelength.
With viscous solutions, for example concentrated aqueous alkalis, it was j
J'
important not to shake the solution; the small air bubbles produced introduced j
considerable dispersion of the beam, and sharp nodes were not observed. j
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For use with alkalis and with silver nitrate solutions, the brass reflector 
was covered with a thin layer of alkali-resistant silicone grease to prevent 
attack of the reflector by the solution.
As has already been stated, the appropriate solvent was used to make 
mechanical contact between the crystal and the polythene cup* In order to 
reduce errors due to evaporation of methanol and ethanol, the 21. beaker was 
flushed with a stream of nitrogen saturated with solvent vapour; this was 
achieved by bubbling nitrogen through the solvent contained in a flask at 25 
degrees C.
Use of the lebye and Sears Type Interferometer
As it was impossible to place this interferometer in a thermostated bath, 
the whole apparatus was kept in a constant-temperature room at 25*0 -0.1 degrees 
C, The room was heated electrically, and fine control of temperature was 
achieved with a 1 Kw. heating element and a Sunvic relay controlled by a mercury- j 
toluene regulator. A fan was used for air circulation.
Solutions were stored in a water thermostat at 25 degrees C, then transferred
■ ■ ■ "  j
to the glass cell, which was placed inside the interferometer, avoiding the j
j
formation of air bubbles on the base of the cell. The glass rod was adjusted j 
to give visible standing-wave striations with the telescope focussed on the j
solution* It was found that reproducible readings could only be obtained in one I 
direction of movement of the cathetometer, therefore the collimator and telescope j 
were always racked upwards. The eyepiece cross-wires were used to count the 
number of striations (plate 1) between two vernier readings; the half-wavelength 
was then calculated exactly as before.
- PLATE I 
SCI-ILIEREN PATTERN OF ULTRASONIC 
WAVE IN WATER
p l a t e  2
d i f f r a c t e d  Im a g e ’s o f  c o l l  i m a t o r  s l i t
With the telescope focussed to infinity, it was possible to see diffracted 
images of the collimator slit (plate 2)j no attempt was made to measure the 
displacement of these images, which could also be used to determine the 
half-wavelength.
For a more extensive survey of light diffraction by ultrasonic waves, 
see Appendix I*
■40.
PART I
SECTION III
2. TREATMENT OF RESULTS
For all types of wave motion, both compressional and transverse (electro­
magnetic), the velocity V of propagation of the waves is related to the frequency
\3 , and the wavelength X of the waves by the equation
v = x X   (i)
- 1The adiabatic compressibility Bs in bars is related to the velocity of
sound V cm/sec. through a medium of density by the equation
/9s = 10 6.V"2./C"1  (ii)
The co-efficient of compressibility is defined by
S = -V~1 (d?/dp)  (iii)
The isothermal compressibility B can be calculated from Bs by 
equation (iv)
B = Bs.CP/Cv = Bs + ^   (It )
Where Cp and are the heat capacities at constant pressure and volume 
respectively, and oC is the co-efficient of volume expansion.
(fy/di) T
From (iv) B = Bs + _______P   (v)
J. Cp
The term (V/ d T)P can be replaced by the approximation 0*1 
Thus at 25 degrees C.
a = as + Qjf/125  (vi)
P25 ■ cp
In aqueous solutions at 25 degrees C, the difference between £ and £s 
is only about 1 fot but for a 1 s 1 electrolyte, the neglect of this difference may 
lead to a 1C$> error in the calculation of the apparent molal compressibility of 
the solute.
If X is the compressibility of a mixture of n^ moles of solute and n^  moles 
of solvent, and X° is the compressibility of pure solvent, then the apparent 
molal compressibility 9  ^ solute is given by (YX - n^Y^'0)/^
The magnitude of the property X depends upon the composition of the system 
as well as upon its temperature and pressure* A small change dX in the system 
can be written as
Hence = YX - where V.°is the partial molal volume
of solvent. (*ii)
dX =
P,^,^... ■^,n1 ,n2‘ • * T,P,n2«.«
I dn2 + .
(viii)
The quantities are called the partial molal quantities X^ .
Differentiating equation (vii) with respect to n2 and keeping n^  constant, in 
unit volinTift.
(ix)
In the limit 0, ie. at infinite dilution, the apparent molal
compressibility is thus equal to the partial molal compressibility.
43.
The apparent molal compressibility may be calculated from the isothermal 
compressibility and density by equation (x)
92 = + “s y  • .............^
Where denote properties of the pure solvent, and B jp those of the
solution.
(25)Gucker has shown that for a wide range of concentrations <p^ varies 
with molarity according to the equation
*2 = 92 * S?
Where <p° = X9
2 2
Mm***
/s/Cp  (xi)
S may be calculated from the Debye-Huckel theory (see AppendixIIl). 
X
I
44*
PART I
SECTION IV
TABLES OF RESULTS
45.
NaCl - ELO
T = 25°C
C2 ci
moles/l. moles/l. g./ml.
5.482 49.22 1.2073
5.142 49.15 1.1855
4.588 50.00 1.1691
3.638 51.20 1.1353
2.762 52.28 1.1035
1.801 53.41 1.0677
1.008 54.30 1.0373
0.5955 54.73 1.0211
S adiabatic » 7.6 
o
S isothermal = 7.2 
o
<p x 10^bars~^ ml* « -57.2 
To
V  = 263.9 Ko/i
V V Bs
mm. / 6 —1 m/sec. 10 bars
3.408 1798.7 25.60
3.388 1788.2 26.38
3.344 1765.0 27.46
3.253 1716.9 29.88
3.168 1672.1 32.41
3.068 1619.3 35.72
2.971 1568.1 39.21
2.920 1541.2 41.23
A c -0.17 
A = -0.24
Sx X 104 = 14.7
B
6 -110 bars ‘
27.13
27.94
28.96
31.27
33.64
36.74
40.01
41.93
Table 1
46.
NaCl - H20
T = 25 °C "i « 263.9 Kc/s.
C2 ci X /2
V Bos £
moles/l. moles/l. g./ml. mm. m/sec. 10 bars" 1O^bars
4.828 49.49 1.1740 3.365 1776.0 27.01 28.56
4* 406 50.12 1.1607 3.305 1744*4 28.31 3C.14
3.914 50.75 1.1433 3.271 1726.4 29.35 30.78
3*484 51 #27 1.1276 3.213 1695.8 30.84 32.21
3.073 51.90 1.1149 3.188 1682.6 31.68 32.57
2.510 53.53 1.0932 3.126 1-649.9 33.60 34.78
2.292 52.81 1.0855 3.101 1636.7 34.39 35.52
1.827 53.34 1.0680 3.057 1613*5 35.97 36.99
1.465 53.74 1.0541 3.011 1589.2 37.56 38.48
1.059 54.19 1.0384 2.961 1562.8 39.43 40.24
0.7093 54.57 1.0248 2.926 1544-3 40.92 41.65
0.3448 54.94 1.0102 2.885 1522.7 42.69 43.33
S0 adiabatic
» 7.1 A -0.080
So isothermal ss 6.8 A -0.19
*0
x 10^ars"^ ml* ss —50.1 S x 104 =X 11.1
Table 2
47.
NaCl - H20
T = 25°C. = 973.2 Kc/s.
°2 ci /> h /2
V Bs B
moles/l. moles/l. g./ml. mm x. 10^ m/sec. 1O^bars"^ 1O^ bars"
4.828 49.49 1.1740 9.086 1768.5 27.24 28.79
4. 406 50.12 1.1607 8.985 1748.8 28.17 30.28
3.914 50.75 1.1433 8.845 1721.6 29.51 30.62
3.484 51.27 1.1276 8.729 1699.0 30.72 32.33
3.073 51.90 1.1149 8.627 1679.2 31.81 32.84
2.510 52.53 1.0932 8. 46O 1646.7 33.73 34.65
2.292 52.81 1.0855 8,386 1632.3 34-58 35.33
1.827 53.34 1.0680 8.267 1609.1 36.16 36.80
1.465 53.74 1.0541 8.145 1585.3 37.75 33.29
1.059 54.19 1.0384 8.021 1561.2 39.51 40.16
0.7093 54.57 1.0248 7.917 1541.0 41.09 41.48
0.3448 54.94 1.0102 7.805 1515.2 42.89 43.13
S adiabatic = 7.1 A a —0.11
0
S isothermal = 6 . 8 A = -0.170
*o
lO^bars"1®!’- = -55.1 S x 104 =
X
14-3
Table 3
48.
2
T = 25°C 'O = 263.9 Kc/s.
C2 C1
CM V B B s
moles/l. moles/l. g./ml. mm. m/sec. 10^bars  ^ 10^bars
7.205 44.08 1.5359 3.240 1710.1 22.26 24.36
6.661 44.98 1.4961 3.201 1689.5 23.42 25.54
6.027 46.04 1.4498 3.174 1675.2 24.58 26.72
5.189 47.46 1.3892 3.123 1648.3 26.50 28.62
4.446 48.64 1.3341 3.078 1624.6 28.40 30.41
3.662 49.89 1.2758 3.039 I6O4.O 30.47 32.32
3.045 50.85 1.2297 3.002 1584.5 32.39 33.83
2.297 52.01 1.1735 2.962 1563*3 34.87 36.30
1.634 53.00 1.1233 2.927 1544.9 37.30 38.47
1.064 53.84 1.0797 2.904 1532.7 39.43 40.36
0.5042 54.46 1.0366 2.871 1515.3 42.01 42.70
S
0
adiabatic = 6.5 A a -0.04
S
0 isotheimal = 5.7 A = -0.07
(p 10^bars  ^ml. = -40.7 S x 10^ = 9*3Yo x
Table 4
49.
Nal - H20
T « 25°C. = 263.9 Kc/s.
°2 ci f3 X/2
V B
s
J3
moles/l* moles/l. g./ml. mm. m/sec. 10 b^ars""^ 1O^bars
7.607 39.05 1.8441 3.011 1589.2 21.47 24.34
6.300 41.97 1.7007 2.965 1564*9 24.01 26.84
5.171 44.42 1.5755 2.921 1541*7 26.70 29.41
4*546 45.77 1.5063 2,902 1531.7 28.30 30.90
3.770 47.46 1.4203 2.880 1520.1 30.47 32.87
5.141 48.81 1.3505 2.859 1509.0 32.52 34.70
2.628 49.92 1.2935 2.852 1505.3 34.12 36.09
2.025 51.19 1.2259 2.841 1499.5 36.28 37.92
1.560 52.16 1.1737 2.834 1495.8 38.08 39.43
1.109 53.10 1.1230 2.838 1497.9 39.69 40.75
0.6993 53.93 1.0767 2.836 1496.8 41 *46 42.28
0.3274 54.69 1.0345 2.843 1500.5 42.93 43.59
S
0 adiabatic =
6.0 A -O.O4
S0 isothermal = 5.0 A -0.08
10^bars = -28.6 S x 104 =
X 6.8
Table 5
50.
M O ,  - H-0 
3 2
T = 25°0. V  - 263.9 Kc/s.
C2 ci e v 2
V 13sa 4
B
moles/l. moles/l. g./ml. mm. m/sec. 10 bars 10 bars
7.801 40.30 1.3893 3.457 1824*6 21.62 23.97
7.196 41.71 1.3633 3.413 1801.4 22.60 24.91
6.555 43.02 1.3324 3.373 1780.3 23.68 25.99
5.635 44* S7 1.2876 3.306 1744.9 25.51 27.80
5.164 45.80 1.2643 3.268 1724.9 26*58 28*84
4-567 47.39 1.2252 3.205 1691.6 28.52 30.63
3.668 48.76 1.1904 3.155 1665.2 30.30 32.26
3.008 50.01 1.1569 3.086 1628.8 32.58 34.38
2.437 51.08 1.1275 3.037 1602.9 34.52 36.16
1*885 52.09 1.0988 3.014 1590*8 35.96 37.43
1.467 52.84 1.0769 2,968 1566.5 37.84 39.07
0.9372 53.78 1.0487 2.926 1544.3 39.98 40.99
0.4654 54.58 1.0230 2.886 1523.2 42.13 42.88
S0 adiabatic ss 6.9
A = -0.17
s
0
isothermal = 6.0 A = -0.18
9 10^ bars"-^ ml. » -39.9 S X  104 =X 10.2
Table 6
51.
KC1 - H20
T = 25°C 263*9 Kc/s.
C2
QOles/l.
ci
moles/l. L
V 2
mm.
V
m/sec.
B
6 s -1 
10 bars
B
10^ bars"
4.088 48.27 1.1746 3.192 1684.7 30.00 31.43
3.709 49.00 1.1596 3.167 1671.5 30.87 32.21
3.292 49.73 1.1416 3.124 1648.8 32.22 33.46
2.617 50.95 . 1.1f32 3.079 1625.1 34.02 35.11
2.241 51.62 1.0972 3.039 160 4.0 35.43 36.41
1.843 52.31 1.0800 3.000 1583-4 36.93 37.84
1.333 53.18 1.0577 2.963 1563*9 38.66 39.45
0.8367 54.06 1.0366 2.922 1542.2 40.56 41.23
0.4024 54.71 1.0159 2.882 1521.1 42.54 43.10
S adiabatic = 6.4 A = -0. 160
S isothermal = 6 . 2  A = -0.26o
9 10^ bars~^  ml. = -47.0 Sx x 10^ = 13.5
Table 7
52.
KBr - H20
T = 25°C.
C2 C1
f*
»/2
moles/l. moles/l. g/ml. mm.
4.633 45.63 1.3737 2.976
4* 184 46.63 1.3381 2.965
3.705 47.66 1.2998 2.956
3.207 48.73 1.2599 2.944
2.681 49.85 1.2173 2. 923
2.080 51.13 1.1689 2.905
1.637 52.06 1.1329 2.890
1.161 53.03 1.0938 2.881
o.9264 53.45 1.0735 2.869
0.7874 53.74 1.0621 2.863
0.4888 54.39 1.0382 2.857
0.3849 54.59 1.0295 2.850
S adiabatic = 5.90
S isotheimal = 5.50
10^ bars  ^ml. = -37.5
= 263.9 Kc/s.
V Bs
B
m/sec. 10^bars ^ 1O^bars
1570.7 29.51 31.38
1564.9 30.52 32.32
1560.2 31.61 33.36
1553.8 32.88 34. 44
1542.8 34.51 36.01
1533.3 36.39 37.54
1525.3 37.94 38.95
1520.6 39.54 40.39
1514.3 40.62 41.40
1511.1 41.23 4 i • 97
1507 .9 42.36 43.01
1504.2 42.93 43.53
A -0.16
A -0,25
S x 104 =
X
12.2
Table 8
53.
KI - H20
T = 25°C. ^  = 263.9 Kc/s.
C2 °i
g/ml.
\/2 V Bg B
moles/l. moles/l. mm. m/sec. 10^bars ^ 1O^bars”
5.800 39.57 1.6760 2.828 1 492.6 26.78 29.50
4.368 43.59 1.5107 2.808 1482.1 30.14 32.56
4.0 40 44.99 1.4723 2.804 1480.0 31.01 33.19
3.168 46.92 1.3713 2.801 14^ 8. 4 33.36 35.51
2.770 47.58 1.3171 2.794 1474.7 34.91 36.72
2.255 49.38 1.2641 2.800 1477.8 36.22 37.78
1.844 50.49 1.2160 2.798 1476.8 37.71 39.03
1.489 51.44 1.1741 2.805 1480.5 38.86 39.90
1.172 52.09 1.1333 2.811 1483.6 40.09 41.11
0.8300 53.19 1.0962 2.823 1490.0 41.09 41.95
0.5372 53.95 1.0614 2.826 1491.6 42.35 43.07
0.2623 54* 66 1.0286 2.834 1495.8 43.45 44.03
S
0
adiabatic = 5.4 A = -0.13
S
0
isothermal = 4.6 A = -0.17
10^ bars’" ^ ml. = -23.8 S x 104 = 8.1
X
Table 9
54*
T
°2
= 25°C. 
ci
KNO
3 " H2°
V 2 V
V =  263.9 Kc/s.
£ fi 
s
moles/l. moles/l. g/ml. mm. m/sec. 10 bars" 10 bars
3.250 47.80 1.1900 3.030 1599.2 32.86 54.40
2.900 48.60 1.1689 3.012 1589.7 35.85 35.55
2.553 49.27 1.1460 2. 987 1576.5 35.11 36.56
2.113 50.48 1.1233 2.971 1568.1 36.20 37.54
1.771 51.29 1.1034 2.952 1558.1 57.33 38.58
1.514 51.91 1.0884 2.927 1544.9 38.50 39.65
1.271 52.47 1.0740 2.917 1539.6 39.28 40.34
1.064 52.95 1.0618 2.902 1531.7 40.14 41.10
0.8257 53.50 1.0476 2.891 1525.9 41.00 41.85
0.6157 53.98 1.0349 2.880 1520.1 41.82 42.57
0.4286 54.39 1.0235 2.870 1514.8 42.58 43.25
0.2046 54.89 1.0098 2.863 1511.1 43.37 43.93
S0
adiabatic « 6.1 A = -0.28
So isothermal - 5.3 A = -0.23
*0
10^ bars  ^ml. - -29.4 S x 104 = 8.5
X
Table 10
55.
LiCl - H20
T B 25°C. S) = 263.9 Kc/s.
C2 ci /* 2
V Bs £
ioles/l. moles/l. g/ml. mm. m/sec. 10 bars” 10 bars"
12.89 40.33 1.2733 3.833 2023.1 19.19 20.12
12.20 41.15 1.2587 3.786 1998.3 19.90 20.79
11.09 42.47 1.2355 3.654 1928.6 21.76 22.57
10.14 43.59 1.2155 3.644 1923.3 22.24 23.03
9.061 44.89 1.1931 3.597 1898.5 23.25 23.98
7.977 46.18 1.1703 3.501 1847.8 25.03 25.73
6.963 47.39 1.1492 3.446 1818.8 26.31 27.00
5.894 48.56 1.1287 3.387 1787,7 27.72 28.40
5.040 49.68 1.1090 3.318 1751.2 29.40 30.08
4.111 50.78 1.0893 3.245 1712.7 31.30 32.07
3.178 51.87 1.0695 3.171 1^73.7 33.38 34.03
2.228 52.96 I.O488 3.082 1626.7 36.03 36.63
1.131 54.17 1.0241 2.962 1563.3 39.96 40.50
S0
adiabatic = 6.0 A = -0.17
S
0
isothermal = "5'* 6 A = -0.13
*o
A .1
10 bars ml. = -41*0 S x '
X
I04 = 9.0
Table 11
56.
T
c2
= 25°C. 
C1
Libr -
V
n
ra
>
263.9 Kc/s. 
B
 ^ 10^bars"^moles/l* moles/l. g/ml. mm. m/sec. 10 bars"
12.24 37.59 1.7409 3.156 1665.7 20.70 23.93
12.12 37.76 1.7350 5.154 1664.7 20.82 23.99
1C. 30 40.28 1.6205 5.150 1652.0 22.61 24.71
8.414 45.01 1.5059 3.083 1627.2 25.08 26.62
7.280 44* 66 1.4571 5.047 1608.2 26.91 28.23
6.394 45.94 1.5835 5.041 1605.0 28.06 29.27
5.528 47.25 1.5515 5.025 1596.6 29.46 30.57
4.479 48.80 1.2685 3.000 1583.4 31.44 32.46
3.549 50.19 1.2127 2.971 1568.1 33.54 34* 46
2.221 52.16 1.1529 2.937 1550.1 36.74 37.48
1.555 55.45 1.0804 2.908 1534.8 39.29 39.91
0.6571 54.42 1.0378 2.873 1516.4 41.90 42.45
S0 adiabatic « 5.4 A -0.18
s0 isothermal « 5.0 A -0.17
*0 10^ bars"  ^ml. = -33.4 S x 104 =X 8.0
Table 12
57.
Lil - H20
T =
C2
25°C
ci P
X / 2 V
^  = 263. 
£
106 -1 10 bars
9 Kc/s. 
£
moles/l. moles/l. g/ml. mm. m/ sec.
6 *
10 bars
7.815 39.56 1.7589 2.759 1456.2 26.81 29.63
6.84O 41.47 1.6627 2.782 1468.3 27.90 30.39
3.796 43.56 1.5607 2.792 1473.6 29.51 31.63
4*978 45.19 1.4807 2.800 1477.8 30.92 33.00
4.195 46.78 1.4046 2.803 1479.4 32.14 33.80
3.576 48.06 1.3447 2.801 1478. 4 34*02 35.50
2.908 49.42 1.2798 2.797 1476.3 35.85 37.17
2.289 50.68 1.2197 2.803 1479.4 37.46 38.57
1.781 51.72 1.1705 2.812 1484.2 38.78 39.79
1.263 52.78 1.1202 2.818 1487.3 40.36 41.17
0.8139 53.69 1.0765 2.823 1490.0 41.84 42.53
0.3953 54.54 1.0358 2.835 1496.3 43.12 43*66
S
0 adiabatic S 4.7
A -0.15
S0 isothermal - 4.2
A -0.18
*0
104 bars’"*' ml. = -22.0 S x 104 =X 6.4
Table 13
58.
LINO - H O 
5 2
T = 25°C. "S) = 263.9 Kc/s.
C2 C1 /°
g/ml.
V Bs B
moles/l. moles/l. mm. m/sec. lO^bars 1 10 bars”
7.665 42.26 1.2900 3.389 1788.7 24.22 26.89
7.259 42.96 1.2733 3.341 1763.4 25.26 27.68
6.746 43.80 1.2545 3.340 1762.9 25.65 27.85
6.104 44*89 1.2298 3.296 1739.6 26.87 28.97
5.302 46.29 1.1997 3.226 1702.7 28.75 30.70
4-655 47.43 1.1756 3.187 1682.1 30.06 31.86
5.962 48.64 1.1496 3.145 1659.9 31.57 33.21
3.274 49.85 1.1236 3.086 1628.8 33.55 35.00
2.682 50.85 1.1012 3.041 1605.0 35.25 36.53
2.114 51.82 1.0796 2.997 1581.8 37.02 33.12
1.546 52.78 1.0577 2.950 1557.0 39.00 39.95
1.001 53.70 1.0366 2.913 1537.5 40.81 41.60
0.5153 54.49 i * 0175 2.877 1516.5 42.62 43.24
S adiabatic 0 e 5.6 A = -0.13
S isothermal 0 - 5.0 A
= -0.17
<pn 104 bars”1 ml. « -51.0 S x 104 = 7.5
Table 14
59,.
NH Cl - Ho0 
 4_____ 2
T « 25°C. V s  263.9 Kc/s.
c2 Cl
/°
>>/2 V 8S B
noles/l. moles/l. g/ml. mm. m/sec. 10^ bars""^ 1O^bars
5.450 43.43 1.0742 3.192 1684.7 32.80 33.59
5.055 44.32 1.0692 3.183 1680.0 33.14 33.93
4*514 45.55 1.0623 3.143 1658.9 34.21 35.05
3.974 46.76 1.0553 3.111 1642.0 35.15 36.04
3.366 48.12 1.0472 3.074 1622.5 36.27 37.16
2.933 49.08 I.O413 3.050 1609.8 37.06 37.95
2.466 50.10 1.0348 3.018 1592.9 38.09 38.93
1.933 51.26 1.0272 2.987 1576.5 39.17 39.96
1*434 52.33 1.0198 2.949 1556.5 40.48 41.22
0.9267 53.41 1.0120 2.917 1539.6 41*69 42.38
0.4225 54.51 1.0048 2.877 1518.5 43.16 43.68
S adiabatic = 4,2 A = -0.24o
S isothermal = 3*7 A = —0* 17o
cpo 10^ bars  ^ml. = -16.5 S^. x 10^ = 5*6
Table 15
60.
T
c2
b 25°C. 
G1 P
NHBr - Ho0 
4 2
V 2 Y
= 263.9 Kc/s. 
Bg B
moles/l. moles/l, g/ml. mm. m/sec.
6 -1 
10 bars 10 bars
5.728 40.91 1.2983 2.920 1541.2 32.43 34.43
5.269 42.08 1.2745 2.918 1540.1 33.08 34.94
4- 693 43.55 1.2446 2.907 1534.3 34.13 35.81
4*118 45. OP 1.2147 2.899 1530.1 35.16 36.66
3-547 46.48 1.1851 2.891 1525.9 36.24 37.57
2.958 47.98 1.1544 2.885 1522.7 37.36 38.48
2.467 49.23 1.1287 2.873 1516.4 38.53 39.52
1.905 50.64 1.0991 2.871 1515.3 39.62 40.43
1.307 52.13 1.0674 2.864 1511.6 41.00 41.65
0.8630 53.23 1.0438 2.851 1504.8 42.31 42.77
0.4219 54.32 1.0201 2.845 1501.6 43.48 43* 88
S0 adiabatic = 3.7 A -0.18
S0 isothermal « 3.3
A -0.18
*0
10^ bars  ^ml. = -12.7 S x 104X s 6.1
Table 16
C2 C1 P
CO V Bs B
moles/l. moles/l. g/ml. mm. m/sec. lO^bars ^ 1O^bars
7.154 33.42 1.6392 2.750 1451.5 28.96 31.81
5.363 38.96 1.4794 2.747 1449.9 32.15 34.39
4.676 41.09 1.4181 2.742 1447.2 33. £7 35.61
4.006 43.14 1.4181 2.742 1447.2 33.67 35.61
3-422 44.93 ' 1.3056 2.741 1446.7 36.60 38.14
2.911 46.51 1.2600 2.752 1452.5 37.62 38.97
2.366 48.17 1.2110 2.760 1456.7 38.92 40.10
1.891 49.60 1.1680 2.770 1462.0 40,06 41.02
1.457 50.93 1.1289 2.782 1468.3 41.09 41.94
1.062 52.12 1.0931 2.796 1475.7 42,01 42.71
0.6852 53.25 1.0589 2.808 1482.1 42.99 43.55
0.3368 54.21 1.0257 2.822 1489.5 43.94 44*38
S0 adiabatic - 3.2
A = -0.07
S
0 isothermal = 2,8
A = -0.10
*0
10^ bars””' ml. = -2.0 S x 104 = 3.1X
Table 17
62.
HH NO, - ELO 4 3 2
T a 25°c. « 263.9 Kc/s.
C2 C1 P v 2
V £s B
ioles/1. moles/l.
9
g/ml. mm. m/sec. 10 bars 1Omars’*
10,51 25.49 1.3009 3.509 1852.1 22.41 26.88
io.09 26.77 1.2898 3.501 1847.8 22.71 26.79
9.262 29.23 1.2681 3.425 1807,7 24.13 27.76
8.202 32.31 1.2388 3.352 1769.2 25.79 28.91
7.256 35.04 1.2123 3-267 1724.3 27.74 30.48
6.390 37.54 1.1879 3.225 1702.2 29.05 31.48
5.367 40,40 1.1592 3.159 1667.3 31.03 33.17
3.524 45.67 1.1052 3.048 1608.7 34.96 36.51
2.676 48,04 1.0799 2.998 1582.3 36,99 38.36
1.621 50.96 1.0480 2.922 1542.2 40.12 41.17
0.8097 53.16 1.0228 2.884 1522.2 42.20 42.96
S adiabatic - 4* 1 A = -0.16o
Sq isothermal = 3*7 A = -0.19
q> 10^  bars’"'* ml. = -12.1 S x 10^  = 5,4Yo x
Table 18
63.
(CH_) HBr - H,0 
3 4 2
T = 25°C. V  = 263.9 Kc/s.
C2
moles/l.
ci
moles/l.
P
g/ml.
V2
mm.
V
m/ sec.
Bs
IQ^bars"^
B
10^bars
3.336 34.11 1,1285 3.242 1711.1 30.27 33.82
3.062 35.81 1.1171 3.210 1694.2 31.19 34.29
2.728 37.92 1.1036 3.166 1671.0 32.45 34.99
2. 4O6 39.95 1.0907 3.131 1652.5 33.58 35.77
2.113 41.82 1.0791 3.094 1633.0 34*75 36.78
1.792 43.84 1.0662 3.046 1607.7 36.29 37.81
1.494 45.78 1*0550 3.003 1585.0 37.73 39.01
1.224 47.50 1.0445 2* 981 1573.4 38.67 39.68
0.9712 49.12 1*0347 2* 953 1558.6 39.78 40.61
0.7211 50,71 1 * 0249 2.926 1544.3 40.91 41.59
0.4791 52.24 1.0152 2.895 1528.0 42,19 42.73
0.2386 53.80 1.0062 2,866 1512.7 43.43 43.82
S adiabatic 0 = 6.7 A • = -0.55
S isothermal 0 - 6.5 A = -0.91
<p 10^ bars”* ml. = -9*9 To
S x 104 = 15.1
X
64.
(CgBg) NBr - H20
T = 25°C. V  = 263.9 &
c2 Ci t */2
Y Bs B
moles/l. moles/l. g/ml. mm. m/sec. 1 oS>ars~^ 10^bars’
2.540 31.45 1.1004 3*452 1822.0 27.37 31.73
2.258 34.03 1.08? 8 3.394 1791.4 28.65 32.19
2.015 36.28 1.0771 3.323 1753.9 30.18 33.20
1.788 38.39 1.0675 3.264 1722.7 31.57 34.05
1.568 40.39 1.0574 3.209 1693.7 32.97 34.99
1*334 42.59 I.O48O 3.147 1661.0 34.59 36.21
1.125 44.55 1.0392 3.095 1633.5 36.06 37.41
0.9294 46.39 1.0313 3.047 1608.2 37.49 38.62
0.7583 48.22 1.0241 3.002 1584.5 38.89 39.81
0.5475 50.02 1.0165 2.962 1563.3 40.25 40.95
0.3661 51.81 1.0106 2.918 1540.1 41.72 42.27
0.1853 53.49 1.0029 2.877 1518.5 43.24 43.67
S
0
adiabatio « 10.4 A = -0.83
S
0
isotherma = 10.4 i*> li •
* 0
10^ bars""^  ml. = -14.0 S x  104 = 22.0
X
Table 20
65.
LiOH - H20
T » 25°C. \> « 263.9 Kc/s.
C2 C1 P
V ■fit-.s
fO^bars ^
£
moles/l. moles/l. g/ml. mm. m/ sec. 10 bars
4.182 55.30 1.0966 3.561 1879.5 25.82, 26.51
5.889 55.34 1.0904 3.509 1852.1 26.74 27.39
3.568 55.39 1.0835 3.460 1826.2 27.67 28.29
3.174 55.43 1.0749 3-395 1791.9 28.97 29.56
2.902 55.46 1.0689 3-344 1765.0 30.03 30.59
2.502 55# 49 1.0599 3.276 1729.1 31.56 32.09
2.202 55.51 1.0530 3.230 1704.8 32.68 33.22
1.894 55.52 1.0458 3-181 1678.9 33.92 34.47
1.567 55.52 1.0380 3.108 164O. 4 35.80 36.33
1.193 55.51 1.0288 3.052 1610.8 37.46 38.03
0.9000 55.49 1.0215 3.006 1586.6 38.89 39.46
0.5955 55.46 1.0136 2.952 1558,1 40.64 41.18
0.3045 55-45 1.0057 2.893 1526.9 42.65 43-16
S0 adiabatic = 8.7 A +0.14
s0 isothermal = 8.4 A +0.24
*0
10^ bars ' ml. “ -78.4 S x 104 =
X
16.4
Table 21
NaOH - H20
T == 25°C.
c2 C1 P */2
moles/l. moles/l. g/ml. mm.
15.55 46.14 1.4536 4.657
14* 84 46.90 1.4388 4.653
13.33 48.43 1.4061 4.569
11*67 49.99 1.3678 4.536
10.10 51.33 1.3291 4.411
8.703 52.37 1.2919 4.280
7.472 53.17 1.2570 4.103
6.214 53.88 1.2195 3.910
4.934 54-55 1.1804 3.707
3.730 54.99 1.1421 3.519
2.525 55.32 1.0979 3.299
1.226 55.46 1.0484 3.064
S adiabatic - 9.90
S isothermal = 9.20
%
10^ bars  ^ml. = -85,8
9  = 263*9 Kc/s.
V Bs J3
m/sec. 10^bars~^ 10^bars
2458.0 11.39 12.84
2455.9 11.52 12.97
2411.5 12.23 13.65
2394.1 12.76 14.20
2328.1 13.88 15.34
2259.0 15.17 16. 64
2165.6 16.96 18.44
2063.7 19.25 20.70
1956.6 22.13 23.57
1857.3 25.38 26.71
1741.2 3O.O4 31.26
1617.2 36.47 37.37
A « +0.52 B = -0.039
A = +0.40 B =s -0.033
S x 104 a 20.0
Table 22
67.
KOH - H20
T = 25°C = 263.9 Ko/:
c2 c1
moles/l. moles/l.
/°
g/ml.
V2
mm.
V Bs B
6 —1 6 m/sec, 10 bars"" 10 bars
14.13 40.58 1.5241 4.6 26 2441.6 11.01 12.80
12.69 42.87 1.4811 4.450 2348.7 12.24 I4.O4
12.09 42.19 1.4568 4.433 2339.7 12.54 14.28
10.58 45.44 1.4126 4.297 2268.0 13.76 15.50
9.625 46.60 1.3798 4*240 2237.9 14.47 16.16
7.986 48.57 1.3233 3.937 2077 .9 17.50 19.22
6.647 50.09 1,27 55 3.851 2032.6 18.98 20.80
5.338 51.41 1.2260 3.876 1940.2 21.67 23.42
4-329 52.20 1.1836 3.510 1852.6 24.62 26.32
3.087 53.08 1.1297 3.347 1766.5 28.37 29.98
1.957 54.31 1.0884 3.172 1674.2 32.78 34.16
0,9404 54.94 1.0428 2.999 1582.9 38,27 39.22
S adiabatic = 9 . 2  A = +0.34 B = -0.028o
S isothermal = 8 . 8  A = +0.11 B = -0.050o
<p 10^  bars*”"* ml. = -80.0 S x 10^  = 20.0Yo x
Table 25
68.
AgN03 - H20
T = 25°C. S) = 263.9 Kc/i
c2
moles/l.
C1
moles/l. g/ml.
*/2
mm.
V Bs 
m/sec. 10 bars"
B
6 —' 
10 bars
8.742 38.16 2.1728 2.850 1504.2 20.34 22.19
8.389 38.96 2.1272 2.846 1502.1 20.84 22.73
7 o64? 40.57 2.0302 2.817 1486.8 22.28 24.19
6.987 41.99 1.9436 2.808 1482.1 23.42 25.29
5.876 44.22 1.7951 2.785 1469-9 25.78 27.63
5.116 45* 66 1.6918 2.768 1461.0 27.69 29.53
4.289 47.24 1.5799 2.759 1456.2 29.85 31.61
3.564 48.72 1.4835 2.758 1455.7 *. 31.81 33.48
2.388 51.11 1.3268 2.770 1462.0 35.26 36.69
1.860 52.10 1.2549 2.781 14S7.8 36.99 38.21
1.347 52.99 1.1837 2.794 1474.7 38.85 39.91
0.6287 54*29 1.0851 2.817 1486.8 41.69 42.40
S adiabatic = 6 . 0  A . = -0.078
o
S isothemal = 5*1 A = -0.068
o
> 104 bars"1 ml. = -34-0 S x 104 = 8.0o x
Table 24
69.
MgCl2 - H20
T =* 25°C. = 265.9 K
c2
aoles/l.
C1
moles/l.
£
g/ml.
*/2
mm.
V
m/sec.
B„
-
10 bars
B
4 1O^bars
4.779 47.76 1.5158 5.715 1960.8 19.77 20.48
4.475 48.54 1.2975 5.651 1927.0 20.76 21.43
4.255 48.79 1.2825 5.599 1899.6 21.61 22.29
4.001 49.20 1.2677 5.550 1875.7 22.47 25.17
5.644 49.86 1.2455 5.519 1857.5 25.28 23.96
2.999 50.99 1.2044 3.414 1801.9 25.57 26.28
2.612 51.64 1.1795 3.340 1762.9 27.29 27.98
2.171 52.56 1.1505 5.268 1724.9 29.22 29.93
1.769 55.01 1.1257 3.184 1680.5 51.51 32.18
1.565 55.62 1.0962 5.098 1655.1 54.12 34.78
1.054 54.09 1.0751 5-056 1615.0 55.82 36.46
0.6825 54.55 1.0480 2.978 1571.8 58.62 39.28
0.5285 54.89 1.0221 2.895 1526.9 41.97 42.52
S ■ 
0
adiabatic 12.5 A = 0.00
S
0
isothermal — 12.1 A = 0.00
*0 104 bars"4 ml. = -101.7 SX x 104 = 29.2
Table 25
70.
MgS04 - H20
T = 25°C. 'O * 263.9 Kc/i
c2 c1
moles/l. moles/l.
/ ?
g/ml.
}s/2
mm.
V £g 
m/sec. 10 bars ^
fi
1O^bars
2.779 53.17 1.2927 3.624 1912.7 21.15 21.83
2.570 53.43 1.27 23 3.516 1855.7 22.82 23.52
2.372 53.68 1♦2528 3.484 1838.9 23.61 24-33
2.143 53.94 1.2300 3.411 1800.3 25.08 25.83
1.902 54.20 1.2056 3-358 1772.4 26*40 27.18
1.578 54.51 1.1723 3.245 1712.7 29-08 29.86
1.394 54.68 1.1530 3.182 1679.5 30.75 31.52
1.030 54.95 1.1142 3.088 1629.8 33.79 34.52
0.7896 55.10 1*0880 3.004 1585.5 36.56 37.28
0.5028 55.24 1.0559 2*957 1560.7 38.88 39.55
0.2419 55.31 1.0259 2.904 1532.7 41-49 42.07
S adiabatic 0 = 14*8 A » +2.3
S isothermal 0 = 14-1 A = +2.3
4 -1 op 10 bars ml. To = -134.5 S x 104 = 33.8X
Table 26
71
HG1 - H20
25°C. ^  » 973.2 Kc/s.
c2 C1 P V2 V Bg B
aoles/l. moles/l. g/ml. 10^ mm. m/sec. 10^ bars"** lO^bars
9.121 44.92 1.1421 7.800 1518.2 37.99 40.45
8.190 46.06 1.1287 7.832 1524.4 38.13 40.34
7.472 46.93 1.1181 7.854 1528.7 38.27 40.36
6.605 47.95 1.1049 7.873 1532.4 38.54 40.39
5.654 49* 05 1.0902 7.889 I535.5 38.90 40.45
4.612 50.26 1.0739 7.899 1537.5 39.39 40.67
3.646 51.36 1.0584 7.883 1534.3 40.14 41.22
2.781 52.32 1.0443 7.855 1528.9 40.97
0000•
1.864 53.35 1.0293 7.806 1519.4 42.08 42.73
0.9242 54.36 1.0132 7.746 1507.7 43.42 43.98
S
0 adiabatic 2.1 A =3 —0.24
s
0 isothexmal
as 1.9 A -0.54
*0 104 bars"** ml* as -12.0 S x 104X = 5.4
Table 27
72.
HNCL - Ho0 
3 2
T a 25°C. 'O a 973.2 Kc/s.
C2
aoles/l.
ci
moles/l. g/ml.
?y
/ 2
10^ mm.
V
m/sec.
Bg
106bars“1
B
1O^bars
15.60 23.46 1.4058 7.647 1488.4 32.11 41.70
13.90 27.85 1.3775 7.804 1519.0 31.46 40.18
12,82 30.49 1.3575 7.877 1533.2 31.34 39.44
11,36 33.92 1.3272 7.955 1548.4 31.43 38.37
9.936 37.09 1.2944 7.971 1551.5 32.09 37.94
8„ 124 40.85 1.2481 7.958 1548.9 33.40 38.27
6*642 45-78 1.2075 7.911 1539.8 34.93 39.06
4-897 46.96 1.1548 7.841 1526.2 37.18 39.94
3.320 49.75 1.1057 7.760 1510.4 39.64 41.54
1.865 52.23 1.0587 7.690 1496.8 42.16 43.37
S0 adiabatic
- 1.8 A a +0.05 B a -
S0 isothermal = 1.7 A « -0.10
*0 104 bars’”1 ml. as -15.4 S xX 104 = 7.5
Table 28
73.
CH^COOH - H20
T a 25°C.
°2 C1 
moles/l. moles/l. g/ml.
>y2
10^ mm.
9.444 27.13 1.0560 7.384
8.566 29.86 1.0525 7.534
7.843 32.09 1.0494 7.646
6.920 34.92 I.O448 7.747
5.972 37.79 1.0397 7.819
4* 929 40,93 1.0336 7.883
3.816 44.24 1.0264 7.902
3.074 46.42 1.0211 7.901
1.893 49.87 1.0123 7.860
0.9443 52.62 1.0050 7.801
S adiabatic = 1.80
S0 isothermal
= 1.7
104 bars-4 ml. = -0.5
= 973.2 Kc/s.
V Bg B
m/sec. lO^bars”4 1oS>ars ^
1437.2 45.84 51.74
1 466.4 44*19 49*32
1488.2 43.03 47.71
1507.9 42.09 46.03
1521,9 41.53 44.89
1534.3 41.10 43.95
1538.0 41.19 43.40
1537 .9 41.41 43.16
1529.9 42.20 43.19
1518.4 43.16 43.90
A = -0,21
A = -0.39 B « -0.019
S x 104 = 10.0
Table 29
74.
NaCl -
T = 25°C.
c2 C1
moles/l. moles/l. g/ml.
0.1655 24.54 0.7960
0.1504 24.52 0,7946
0.1377 24.51 0.7935
0.1235 24.51 0.7927
0.1118 24.51 0.7920
0.09597 24.52 0.7912
0.08368 24.52 0.7905
0.06867 24.52 0.7896
0.05463 24.52 0.7890
O.O4O5O 24.55 0.7885
0.02758 24.52 0.7872
V = 973.2 Kc/s*
CM
/<" V
10 mm m/ sec. 1oS>ars"^
5.716 1112.6 101.49
5.717 1112.8 101.63
5.711 1111.6 101,99
5-704 1110.2 102.35
5.698 1109.1 102.64
5.6 95 1108.5 102.86
5.688 1107.1 103.21
5.684 1106.3 103.48
5.676 1104.8 103.84
5.673 1104.2 104.02
5.667 1103.0 104.42
Sq adiabatic = 4.7 A = +0.94
Table 30
75.
NaBr - CH^ OH
T « 25°C. V = 265.9 Kc/s.
c2
moles/l.
Cl
moles/l. L
a /2
mm.
V
m/ sec.
*s 
6 —
10 bars’*
1.258 24.10 0.9016 2.190 1155.9 83.01
1.138 24.18 0.8920 2.181 1151.1 84.61
1.004 24.24 0.8802 2.177 1149.0 86.06
0.8920 24.29 0.8701 2.169 1144.8 87.69
0.7762 24.34 0.8599 2.166 1143.2 88.98
0.6706 24.40 0.8508 2.154 1136.9 90.93
0.574? 24.44 0.8422 2.146 1132.7 92.55
0.4588 24.48 0.83T5 2.137 1127.9 94.54
O.36O5 24.51 0.8223 2.131 1124.7 96.14
0.2660 24.53 0.8134 2.120 1118.9 98.20
0.1849 24.52 O.8O48 2.116 1116.8 99.62
0.1017 24.54 0.7968 2.106 1111.5 101.59
S
0 adiabatic =» 5.6
A = -0.81
Table 51
76.
Nal - CH^OH
T = 25°C.
°2
moles/l.
ci
moles/l. g/ml.
3.952 21.38 1.2773
3*454 21.88 1.2190
2.988 22.31 1.1630
2.590 22.68 1.1151
2.228 22,99 1.0707
1.923 23.27 1.0339
1.597 23-54 0.9936
1.275 23.78 0.9532
0.9926 23.97 0.9168
0.7222 24.16 0,8823
0* 4662 24.32 0.8493
0.2272 24.46 0.8175
S adiabatic = 6.2
V = 263.9 Kc/s.
V 2 V Be.s
mm. m/ sec. 10^ bars"
2.267 1196.5 54.69
2.255 1190,2 57.91
2.242 1183-3 61.41
2.227 1175*4 64*91
2,215 1169.1 68.33
2.204 1163-3 71.47
2.189 1155.4 75.39
2.170 1145.3 7Q.98
2.155 1137.4 86.31
2.141 1130.0 88.76
2.129 1123.7 93.25
2.110 1113.7 98.62
A = -0.33
Table 32
77,
NaNO, - CH,OH
j j5 5
T = 25°C. S> - 973.2 Kc/i
C2 Ct e V 60s
moles/l# moles/l. g/ml. m/ sec. 10^bars~
0.2570 24.46 0.8055 5.739 1117.0 99.50
0.2374 24.44 0.8033 5.741 1117.4 99.70
0.2202 24.46 0.8026 5.733 1115.9 100.06
0.1954 24*46 0.8004 5.727 1114.7 100.55
0.1630 24.48 0.7982 5.719 1113.1 101.12
0.1374 24.47 0.7957 5.711 1111.6 101.71
0.1194 24.47 0.7943 5.707 1110.8 102.03
0.09240 24.49 0.7925 5* 697 1108.9 102.62
0.06744
j
24.50 0.7907 5.691 1107.7 103.07
O.O5O35 24.51 0.7894 5.674 1104.4 103.86
| 0.02050 24.54 0.7879 5.669 1103.4 104.25
S0 adiabatic = 5.9
A = .-3.5
\
Table 33
78.
KBr
T = 25°C.
c2
moles/l.
Cl
moles/l. L
0.09852 24*55 0.7982
0.08727 24.53 0.7965
0.08194 24.54 0.7961
0,07461 24.53 0.7950
0.06736 24.52 0.7938
0.06214 24,53 0.7934
0.05374 24.53 0.7925
O.O4236 24.54 0.7913
0.03438 24.55 0.7908
0.02277 24.54 0.7890
0.01354 24.54 0.7880
S0 adiabatic = 5.2
CHjOH
S) a 973.2 Kc/s.
V 2 V 8s
10^ mm. m/sec. 10^bars~^
5.687 1106.9 102.25
5.681 1105.7 102.69
5.680 1105.6 102.76
5.677 1105.0 103.02
5.676 1104.8 103.21
5.675 1104.6 103.30
5.673 1104.2 103.49
5.670 1103.6 103.76
5.667 1103.0 103.94
5» 666 1102.8 104.21
5» 664 1102.4 IO4.42
A = +1.2
Table 34
79.
T = 25°C. S) - 973.2 Kc/i
c2 c1
moles/l. moles/l. g/ml.
>/2
tO^ mm.
V
m/sec.
Bg 
1O^bars
0.6544 24.05 0.8791 5.769 1122.9 90.22
0.6010 24.08 0.8714 5.749 1119-0 91.65
0.5423 24-12 0.8630 5.747 1118.6 92.61
0.5007 24.18 0.8578 5.740 1117.2 93.40
0.4408 24.21 0.8489 5.731 1115-5 94.67
0.3910 24.26 0.8421 5-725 1114.3 95.64
0.3446 24.33 0.8368 5.725 1114.3 96.24
0.2930 24*33 0,8282 5.711 1111.6 97.72
0.2414 24-37 0.8208 5.703 1110.0 ' 98.88
0.1989 24.4O 0.8147 5.691 1107..7 100.04
0.1502 24.43 0.8078 5.689 1107.3 100.96
0.09585
S0
24.47
adiabatic
0.8000 
= 6.0
5.679
A
1105.4 
= -0.34
102.30
Table 35
80.
LiCl - CBLOH
T = 25°C. V =  263.9 Ko/s.
C2
moles/l.
Ci
moles/l. X V 2mm. v esm/sec* 10 bars”
2.601 23.92 0.8766 2.410 1272,0 70.51
2.350 24.00 0.8687 2,377 1254.6 73.13
2.140 24.04 0.8610 2.351 1240.9 75.43
1.929 24.12 0.8548 2.327 1228.2 77,55
1,728 24.19 0.8485 2.301 1214.5 79.90
1.517 24.25 0,8413 2,278 1202.3 82.23
1.320 24.30 0.8347 2.255 1190.2 84.57
1.092 24.37 0,8271 2.228 1175.9 87.44
0.861^ 24.42 0.8189 2.205 1163.8 90.16
0.646O 46 0.8110 2.174 1147.4 93.66
0.4298 24.51 0.8034 2.149 1134.2 96.76
s
0 adiabatic » 4.2
A = +0.07
Table 56
81.
LiBr - CELOH
T t= 25°C. 'O = 263.9 Ko/i
C2 Cl e * / 2 V es
moles/l» moles/l. e/mi. mm.
6
m/sec. 10 bars
6.781 20.73 1.2532 2.677 1412.9 39.97
6.025 21.28 1.2057 2.631 1388.6 43.01
5* 2 66 21.78 1-1554 2-559 1350,6 47.45
4-4?1 22.32 1.1035 2.496 1317.4 52.21
5-671 22.76 1.0501 2.422 1278.3 58,28
3.035 23-21 1.0073 2.383 1257.7 62.76
2.505 23-52 0,9714 2.327 1228.2 68.24
2.005 23.77 0.9356 2.280 1203.4 73.31
1.557 23-99 0.9040 2.238 1181.2 79.28
1.124 24.19 0.8726 2.200 1161.2 84.99
0.5488 24.40 0.8294 2.147 1133.2 93.89
S0 adiabatic « 5.0 A = 0.00
Table 57
Lil - CH^ OH
T = 25°C.
c2
moles/l.
C1
moles/l. £ 1.
5.159 19.11 1.3030
4. ^ 26 20.15 1.2246
5.569 21.01 1.1509
3.047 21.62 1.1005
2.601 22.13 1.0571
2.135 22.61 1.0101
1.751 23.01 0.9715
1.452 23.34 0.9394*
1.119 23.64 0.9073
0.7878 23.93 0.8722
0.3863 24.28 0.8298
S adiabatic 0 5.6
263» 9 Kc/s.
X/g V ^Bs
nun. m/sec. 10 bars
2.453 1294.7 45.78
2.421 1277.8 50.01
2.377 1254.6 55.20
2.338 1234*0 59.67
2.311 1219.7 63.59
2.275 1200.7 68.67
2.245 1184*9 73.32
2.220 1171.7 77.54
2.196 1159.0 82.05
2.166 1143.2 87.72
2.131 1124.7 95.27
A = -0.16
Table 38
LiJJO^  - CH^ OH
T = 25°C.
C2 Cl p
moles/l. moles/l. g/
1.872 23.60 0.8854
1.685 23.73 0.8764
1.503 23.84 0.8674
1.367 23-95 0.8616
1.218 24-03 0.8539
1.081 24.09 0.8463
0.9398 24.17 0.8393
0.7744 24.25 0.8304
0.6127 24.32 0,8215
0.4605 24.40 0.813?
0.3061 24.45 O.8O44
S adiabatic = 5*3
V  = 265-9 Kc/ s.
*/ 2 V £s
mm. m/sec. 10^ bars*
2.31? 1222.9 75-52
2.297 1212.4 77.63
2.278 1202.3 79.75
2.270 1198.1 80.85
2.248 1186.5 83.19
2.232 1178.0 85.15
2.214 1168.5 87.26
2.196 1159.0 89,65
2.177 1149-0 92.20
2.155 1137.4 95.00
2.135 1126.9 97-89
A « -0.25
Table 59
84.
NH .Cl 
4
- CH^OH
T = 25°C. v  - 263.9 Kc/s.
C2 ci f 2
V Bs
moles/l. moles/l. g/ml» mm. m/ sec. 10 bars”
0.4835 24.23 0.8021 2.153 1136.4 96.54
0.4067 24.31 0.8008 2.144 1131.6 97.52
0.3679 24-31 0.7987 2.153 1128.4 98.33
0.3306 24.36 0.7981 2.134 1126.3 98.77
0.3028 24.37 0.7972 2.134 1126.3 99.88
0.2636 24.39 0.7957 2.129 1123.7 99.53
0.2274 24.47 0.7961 2.126 1122.1 99.76
0.1954 24.46 0.7942 2.125 f 121.6 100.09
0.1563 22.48 0.7926 2.118 1117.9 100.96
0.1190 24.51 0.7916 2.116 1116.8 101.28
0.09166 24.52 0.7 906 2.106 1111.5 102.38
0.05749 24.55 0.7896 2.101 1109.4 102.90
SQ adiabatic = 4* 9 A = -2.0
Table 40
85.
NH Br - CH^OH
T «= 25°C. ^  = 263.9 Kc/s.
c2 c, p X/2 V 6fis
moles/l. moles/l. g/ml. mm. m/sec. 10 bars
0.9927 23.75 0.8583
0.9060 23.84 0.8525
0.8188 23.91 O.8464
0.7437 23.99 0.8416
0.6681 24.06 0,8364
0.5989 24.12 0.8316
0.5229 24-19 0.8262
0.4392 24.24 0.8197
0.3519 24.31 0.8134
0.2557 24.38 0.8061
0.1800 24-45 0.8009
0.08950 24.51 0.7941
So adiabatic « 5.0
2.176 1148.5 88.33
2.171 1145.9 89.33
2.166 1143.2 90.40
2.160 1140.0 91.43
2.154 1136.9 92.50
2.150 1134*8 93.38
2.146 1132.7 94.34
2.137 1127.9 95.90
2.128 1123.2 97.45
2.119 1118.4 99.18
2.115 1116.3 100.20
2.105 1111.0 102.02
A « -0.70
Table 41
86.
" V  ~ CH50H
T = 25°C. "0 = 263*9 Kc/s.
C2 C1 c X/2 V Bs
moles/l. moles/l. g/ml. mm. m/ sec. 1O^bars
1.838 22.61 0.9909 2.184 1152.7 75.95
1.630 22.83 0.9707 2.174 1147.4 78,25
1*439 23.09 0.9484 2.172 1146.4 80.23
1*244. 23.32 0.9277 2.165 1142.7 82.55
1.102 23.48 0.9120 2,155 1137.4 84.76
0.9448 23.66 0.8951 2.149 1134*2 86.85
0.7957 23.84 0.8791 2.144 1131.6 88.83
0.6401 23.99 0.8615 2*133 1125.8 91.58
0.4986 24*16 O.8464 2.130 1124*2 93.48
0.3640 24.26 0.8302 2.125 1121,6 95*75
0.2391 24*41 0.8167 2.120 1118.9 S7.80
0.1197 24.50 0.8023 2.106 1111.5 100.89
S adiabatic 
0 » 5*5 A « -0.51
Table 42
87.
NH NO^  - CH^ OH
T *= 25°C.
c2
moles/l*
C1
moles/l. g/ml.
1.695 22.79 0.8661
1.554 22.95 0.8596
1.409 23.11 0.8531
1.278 23.25 0.8473
1.156 23.41 0.8425
I.O40 23.51 0*8366
0.8955 23.67 0.8300
0.7574 23.82 0*8240
0.6100 23.98 0.8171
0.4340 24.16 0.808
0.1774 24.44 0.7974
S adiabatic = 5.2
\J * 263.9 Kc/s.
V2 7 s
mm. m/sec. 10 bars
2.270 1198.1 8O.44
2.258 1191.8 81.90
2.246 1185.4 83.42
2.236 1180.2 84.73
2.232 1178.0 85.53
2.216 1169.6 8?.38
2.197 1159.6 89.60
2.183 1152,2 91.42
2.171 1145.9 93.20
2.149 1134.2 96.11
2.120 1118.9 100.17
A = -0.71
Table 43
88.
NBr - CH„OH 
4 3
T « 25°c. m 973.2 Key
°2 Cl /* V 2
V
/* ,
moles/l* moles/l. g/ml. 10^ mm. m/sec. 10 bars”
0*1525 24.21 0.7993 5.722 1113.7 100.87
0.1426 24.20 0.7975 5.727 1114*7 100.91
0.1280 24.23 0.7962 5.717 1112.8 101*43
0.1162 24.26 0.7952 5.711 1111.6 101.77
0.1026 24.31 0.7948 5.708 1111.0 101.93
0.09062 24.33 0.7934 5.707 1110.8 102.15
0.07720 24.35 0.7921 5.697 1108.9 102.67
0.06411 24.37 0.7908 5.693 1108.9 102.99
0.05241 24.40 0.7898 5.683 1106.1 103.49
0.03818 24.43 0.7888 5.675 1104*6 103.90
0.02442 24.46 0.7875 5.665 1102.6 104.45
S adiabatic . 0 « 5.8 A s= +2.00
Table 44
89.
(C2H5) NBr - CH^ OH
T s 25°C. = 263.9 Kc/s*
c2 C1 p  V 2 V Bs
moles/l* moles/l. g/ml. mm. m/sec. 1O^bars
1.772 17.50 0.9331
1.605 18.20 0.9205
1.464 18.81 0.9102
1.344 19.29 0.9006
1.231 19.76 0.8918
1.054 20*48 0.8776
0*9005 21.10 0.8653
0.7317 21.76 0.8509
0.5851 22.34 0.8387
0.4098 23.18 0.8289
0.2686 23.67 0.8148
0.1496 24,05 0.8019
S0 adiabatic « 8.6
2.472 1304.7 62.96
2.438 1286.8 65.61
2. 408 1270.9 68.02
2.380 1256.2 70.36
2.354 1242.4 72.65
2*321 1225.0 75.93
2.288 1207.6 79 25
2.253 1189.1 83.12
2.224 1173.8 86.54
2.193 1157.5 90.04
2.162 1141.1 94,25
2.131 1124-7 98.58
A « -1.22
Table 45
90.
NaBr - CgH-OH
T *= 25°C.
c2
moles/l.
C1
moles/l.
r
g/ml.
0.1562 •' 16.98 0.7984
0.1495 16.97 0.7973
0.1393 16.97 0.7963
0.1287 16.97 0.7949
0.1053 16.97 0.7927
0.09065 16.97 0.7913
0.7681 16.99 0.7905
0.05^87 16.99 0.7885
0.03953 17.00 0.7871
0.02122 17.01 0.7857
S adiabatic « 2.9
V  = 973.2 Kc/s.
X/2 V Bs£
iO^ mm. m/sec. 10 bars’
5.898 1148.0 95.04
5.900 1148.4 95.10
5.901 1148.6 95.19
5.900 1148.4 95.39
5.897 • 1147.8 95.75
5.891 1146.6 96.13
5.885 1145.5 963 41
5.883 1145.1 96.72
5.879 1144.3 97.03
5.874 1143.3 97.37
A « +0.83
Table 46
91.
Nal - C
T s 25°C.
c2 C1
/°
moles/l. moles/l* g/ml.
2 = 056 15.78 1*0351
1.75? 15.98 0.9996
1.636 16.07 0.9854
1.383 16.22 0.9548
1.280 16.30 0.9426
0.9925 16.48 0.9078
0.8823 16.54 0.8943
0.6697 16.67 0.8685
0,4308 16.80 0.8384
0.2347 16.90 0.8138
SQ adiabatic « 3*2
= 973.2 Kc/s.
X/2 V Bs
10^mm. m/sec. 1O^bars
5.956 1159*3 71.88
5*959 1159.9 74.36
5.957 1159.5 75.48
5*947 1157.5 7& 17
5.941 1156.4 79.33
55 933 1154*8 82.60
5.929 1154.0 83.97
5.917 1151.7 86.81
5.907 1149*7 90.24
5*899 1148.2 93.21
A = -0.22
Table 47
92.
LiCl - G^ H^ OH
T « 25°C.
°2
moles/l.
C1
moles/l. g/ml.
1.541 16.71 0,8351
1.383 16.75 0.8301
1.241 16.79 0.8259
1.136 16.82 0.8230
0.9986 16.84 0.8183
0.8802 16.88 0.8148
0.7266 16.91 0.8098
0,5919 16.93 0.8051
0*4838 16.95 0.8016
0,3407 16.98 0.7968
0.2174 16.99 0.7918
S0 adiabatic s= 2.7
>3 = 263.9 Kc/s.
/ 2
mm.
V
m/sec.
Bs
1O^bars”^
2 a. 31 8 1223.4 80.00
2.303 1215.5 81.54
2.294 1210.8 82.59
2.285 . 1206.0 83*54
2.273 1199.7 84*91
2.264 1194*9 85.96
2.246 1185*4 87.88
2.233 1178.6 89*42
2.223 1173*3 90.62
2.211 1167.0 92.15
2.194 1158.0 94*18
A = -0.23
Table 48
93.
LiBr - C ^ O H
T = 25 °C.
-
\) * 263*9 Kc/s.
C2 Oi ^/2 V Bs6 -
moles/l* moles/l. ©/ml. mm. m/sec. 10 bars
3'006 15*82 0.9898 2.352 1241*4 65.56
2*604 16*01 0.9638 2.332 1230.8 68.49
2.278 16*19 0.9435 2.321 1225.0 70.63
1*980 16*33 0.9241 2.304 1216.1 73*17
1*680 16*45 0.9039 2.286 1206.6 75.99
1.413 16.57 0.8859 2.270 1198.1 78*64
1*148 16.67 0.8676 2.257 1191*2 81.23
0.91b# 16.76 0.8521 2.243 1183.9 83*73
0.7116 16*83 0.8372 2.228 1175.9 86*38
0*5108 16.91 0.8235 2.213 1168.0 89.01
0*3368 16*95 0.8100 2.205 1163.8 91*15
0.1684 16*98 0.7971 2.185 1153.2 94.34
S0 adiabatic » 3.4
A a -0*44
Table 49
94*
H I  - Cg^OH
T « 25°C.
c2
moles/l*
ci
noles/l.
e
g/ml.
4.387 13.74 1.2199
3.852 14.20 1.1698
3*240 14.72 1.1120
2*750 15.12 1.0648
2.312 15*48 1.0228
1*881 15.82 0.9806
1*475 16.11 0.9397
1.191 16.31 0.9108
0* 8869 16.52 0.8800
0.6267 16.69 0.8529
0.4080 16.83 0.8298
0.2021 16.94 0.8073
S adiabatic a 3*7
- 263.9 Kc/s.
V 2
V fls
mm. m/sec. 10^bars~
2.366 1248.8 52.56
2.351 1240.9 55*52
2.337 1233.5 59*10
2.318 1223.4 62.75
2.302 1215.0 66.23
2.284- 1205.5 70.17
2.268 1197.1 74*26
2.252 1188.6 77.72
2.237 1180.7 81.51
2.221 1172.2 85*33
2.213 1168.0 88.34
2.195 1158.5 92.29
A a -0*24
Table 50
LiN03 -  C^ Hp-OH
T a 25°C.
°2
moles/l*
C1
moles/l.
e
g/ml.
1.012 16.66 0.8371
0.9084 16.70 0.8321
0.8117 16.74 0.8270
0.6981 16.78 . 0.8214
0.6090 16.82 0.8171
0.5221 16.86 0.8128
0.4274 16.89 0.8078
0.3350 16.93 0.8029
0.2700 16.95 - 0.7994
0.1983 16.98 0.7958
0.1288 16.99 0.7915
S0 adiabatic = 3.4
\) « 263*9 Kc/s.
V 2  V fis
6 1mm. m/sec. 10 bars”
2.276 1201.3 82.78
2.265 1195*5 84-09
2.258 1191*8 85.13
2.250 1187.6 86.32
2.240 1182.3 87.55
2.233 1178.6 88.57
2.220 1171.7 90.17
2.210 1166.4 91*55
2.207 1164*9 92.19
2.198 1160.1 93.37
2.187 1154*3 94.82
A « -0.53
Table 51
96.
NH„Br
4
T * 25°C.
c2 c1
P
moles/l. moles/l. g/ml
C\2572 16.86 0,6017
0,2328 16.87 0.7999
0.2026 16.89 0.7978
0.1684 16.90 0.7952
0.1381 16.92 0.7932
0.1190 16.93 0.7918
0.09682 16.9 6 0,7910
0.07895 16.97 0.7895
0.04887 17.03 0.7895
*v> = Cf73.2 Kc/s.
X/2 V Bs
10^ mra. m/sec. 1O^bars ^
5.919 1152.1 93.97
5.913 1150.9 94-38
5.909 1150.1 94-76
5.900 1148.4 95.35
5.900 1148-4 95.59
5.894 1147.2 95.96
5.891 1146.6 96.16
5.88? 1145.8 96.48
5.879 1144.3 96.73
S adiabatic « 2.5 A = +0.13
o
Table 52
97.
NH.I
4
- C ^ O H
T a 25°C. S) = g?3.2 Kc/s.
c2
moles/l.
C1
moles/l.
r
g/ml.
X/2
102mm.
▼ fis
6m/sec. 10 bars*
1.287 15.95 0.9215 6.009 1169.6 79.33
1.198 16.04 0.9126 6.000 ■1187.8 80.35
1.044 16.18 0.8966 5.993 1166.5 81,97
0.9474 16.26 0.8865 5.983 1164-5 83.18
0.7855 16.40 0.8692 5.971 1162.2 85.18
0.6711 16.49 0.8570 5.961 1160.2 86.69
0.5356 16.60 0.8426 5.945 1157.1 88.64
0.4191 16.70 0.8302 5.934 1155.0 90.29
0.2771 16.80 0.8143 5.918 1151.9 92.55
0.1238 16.98 0.8000 5.897 1147.8 94.88
So adiabatic = 3.3
A = -0.36
Table 55
98.
N H ^  - CgHgGH
T « 25°C.
C2 /°
moles/l* moles/l. g/ml.
0*4O68 16.72 0.8027
0.3685 16.76 0.8015
0.3214 16.79 0.7992
0.2726 16.82 0.7967
0.2490 16.83 0.7952
0.2095 16.86 0.7935
0.1552 16.90 0.7912
0.1245 16.92 0.7896
0.07960 16.96 0.7875
0.04586 16.98 0.7858
S adiabatic = 2.9 o
^  = 973.2 Kc/s.
V 2 v Bs
10^ mm. m/sec. lO^bars ^
5*996 1167.1 91.46
5.988 1165.5 91.85
5*979 1163.8 92.38
5.965 1161.0 93.12
5.940 1156.2 94*07
5.945 1157.1 94-13
5.927 1153.6 94.97
5.918 1151.9 95.45
5.899 1148.2 96.32
5.893 1147.0 96.73
A = +0.16
Table 54
99*
C2 C!
moles/l, moles/l.
0.8638 14*62
0.7606 14*91
0.6782 15-15
0.5962 15.39
0.5201 15.57
0.4542 15.77
0,3644 16*02
0, 2721 16.28
0,2255 16.41
0.1416 16.64
0,07071 16.84
(C2H5) NBr - OH
263.9 Kc/s.
V B2 s
6, -1g/ml. mm. m/sec. 10 bars’
0.8551 2.314 1221.3 78.40
0.8466 2.296 1211.8 80.44
O.84O4 2.284 1205.5 81.88
0.8342 2.272 1199*2 83*36
0.8268 2.262 1193*9 84.85
0.8222 2.249 1187.0 86.32
0.8146 2.233 1178.6 88.30
0.8070 2.221 1172.2 90.18
0.8036 2.212 1167.5 91*30
0.7964 2.194 1158.0 93*64
0.7896 2.183 1152.2 95.40
S adiabatic » 4*9 o
A = -1.00
PART I
SECTION IV
2. VELOCITY RESULTS
The velocity of sound has been calculated using equation (i) for a series 
of solutions in water, methanol, and ethanol.
The solutes studied in aqueous solutions were :
NaCl KC1 LiCl NH .Cl 
4
N ^ )  Br HC1
NaBr KBr LiBr NH J3r 
4
NCc^J^Br HNO,
3
Nal EL Lil NH.I
4
AgNO^ CH^COOH
M O , KNO, LiNO, NH .NO, 
4 3
MgCl2
NaOH KOH LiOH MgS04
The salts studied in methanol solution were:
NaCl LiCl NH .Cl 
4
iKCH^Br
NaBr KBr LiBr NH.Br
4
NtCgHj) Br
Nal. KE Lil NH .1 
4
NaNO, LiNO,
3
NH NO, 
4 3
The salts studied in ethanol solution were:
LiCl
NaBr LiBr NH .Br
4
n(c2h5)e_.
Nal Lil NH.I
4
LiNO, N H m .
3 4 3
The half-wavelengths were measured over a range of concentrations up to 
saturation; the calculated velocities are listed in tables 1-55*
102.
Velocity of Sound in Pare Solvents
Table 56 gives the results of sound velocities in water, methanol, and 
ethanol. Each result is the mean of about 20 deteiminations.
Crystal frequency ^ O  CH^OH C2H^0H
Kc/s. V m./sec. V m/sec. V m/sec.
265.9
973.2
1498.8V 1104*0 a. . 1144,7 ^
, _ £ ± 0 . 0 4 £  „ V ± 0.0^  ™  t ± 0.0<$
1497. 9J 1101.7 JT 1 1 4 3.1 J
■ lf
Mean 1498.4 10.03# 1102.9 10.11# 1143.9 10.07# j|
Table 56
( 26^
The communication of Allam and Leev ' was published before an accurate
determination of the frequencies of the interferometer ciystals was made. The
value of the velocity of sound in water at 25 degrees C. (1497.1 m/sec.) given
(27)
by Owen and Kronick was taken to be correct, and the interferometer was 
calibrated with water; the frequency so calculated was 263.3 Kc/s*
It will be seen that there is no improvement in accuracy between the two 
types of interferometer. The accuracy in methanol and ethanol is slightly less 
than in water, probably due to the difficulty in preparing reproducibly 
anhydrous solvents.
103.
The velocities of sound in the pure solvents agree well with previous results;
.(28)Water
Methanol
Ethanol
1496.7
1497.1
1497.6
1496.4
1498.1
1100.6 
1100
1102.4 
1102
1140
1141.6
1147
1140
Owen and Simons
Owen and Kronick(27)
„J29)Giacomini and Pe see 
Yosioka^
Hubbard and Loomis^^
Giacomini and Pesce
.(31)
(29)
Rao and Rao
Golick et.al. (32)
Lai and Sherma(33)
Rao and Rao(31)
Golick et.al. 
Prasad^
(32)
Lai and Sherma(35)
Velocity of Sound in Solutions
In many aqueous solutions, the ultrasonic wave obeys a velocity-concentration 
relationship of the form:
2/2
Vo + A»2- Bo2 (xii)
,(27).Where A and B are positive constants ; B is usually small, so that the 
velocity of sound increases almost linearly with concentration at low 
concentrations, the increase becoming less at high concentrations.
All the alcoholic solutions and most of the aqueous solutions studied 
show an increase of velocity with solute concentration up to saturation; 
however the aqueous solutions of Nal, KI, Lil, NH I, AgNO , HC1, HNO,, and
*T J J
CH^COOH all show a region of decrease of velocity with increase of solute 
concentration; they also show a maximum, minimum, or a point of inflexion in the 
velocity - solute concentration graph (figure 11).
(36}
Balachandran observed that velocities in aqueous solutions of Srl^ ,
FbCoOC.CHj) , (TO2)(N03)2 and (U02) & 2 decrease with increasing solute 
concentration up to 1 molar* He explained this decrease in terms of a decrease 
in ionisation or complex-ion formation.
(37)Subrahmanyamv observed a similar velocity decrease in aqueous CdBr^
and Cdl2 solutions; he ascribed this to the formation of heavy complex ions 
eg. [CdX]* and [CdX^]" .
Other authors^ »39>40,4l) jjave observed velocity decreases in aqueous 
solutions all of which contained at least one heavy ion.
_ . (42)
Barthel' suggested that as the velocity of Brownian motion decreases 
with mass increase, it should be a characteristic of all heavy metal salts that 
the sound velocity decreases with an increase in concentration.
Roshchina and Ishcheko ' have observed a velocity decrease with increasing 
concentrations of KI in glycol and glycerol solutions.
As will be seen later, the formation of one complex ion from two or more 
simple ions would free solvent molecules from solvation-shells, and would lead
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106*
to increased compressibility and decreased ultrasonic velocity. This is 
probably the reason for the observed decrease in solutions of the cadmium halides, 
a more general explanation is given by equation (ii), which relates velocity 
with compressibility and density. The variation of V with molarity may then 
be expressed
dv/dc “ “ V/2 ( 1^ °' + 1/*'  (3dii)2 2
The terms  ^Ip demand Vfi ^Vdc ^are of opposite sign, and therefore the 
relative magnitudes of V d/%c ^and Vb ^/dc^control the sign of dV/dc2 J 
also from equation (xii) if B is sufficiently large compared with A, ^Vdc^may 
be negative at all concentrations.
If 1/^‘<y/dc2 + Vfl C2 « 0 then ^ Vdo^will be zero, ie., a maximum, 
minimum, or point of inflexion will occur in the velocity-concentration graph 
(figure 11).
As will appear later, dB/dc^ is related to the solvation of ions in the 
solution; therefore the sign of dV/dc is controlled by the masses and volumes 
of solvated entities in solution (as well as by their solvation).
Equation (xii) rearranged givesi
/ 4-
1/e2(v - Vo) = A - Bc^  (xiv)
the constants A and B may be obtained from a plot of V.-2 (V - To) against c*.
For aqueous silver nitrate solution they were found to be A » 32*4» B » 11 • 2; 
these may be compared with the corresponding constants for NaCl (As 64*5,
B = 3.1) and KC1 (A « 57*2, B = 1,2)^\
Differentiating equation (xii) gives:
1
av/do = a -  V 2 Bo|  M
a maximum, minimum or point of inflexion /dcp = 0; substituting the 
values for A and B above, shows the minimum to occur at 3*72 molar, for silver 
nitrate (the corresponding molarities for NaCl and KCl solutions would be from 
equation (xv) 192 and 28.1 respectively).
The negative ^/dc^for aqueous silver nitrate solution is probably due to 
the presence of the heavy Ag ion, and also to ion-pairing for which the value 
of pK has been shown to be -0.2^^ for the equilibrium
AgNO^  Ag+ + NO^
* -
For the aqueous solutions which show a continuous increase in velocity with
j. -i-
concentration, the velocity decreases along the series Na ./’Li >K ,
for all anions, at equal solute concentrations; and along the series 
C l V  N0^“>Br~>I~ for all cations. In alcohol solutions, the series 
change to Li+>Na+ > M H + >K+ and
In both aqueous and alcohol solutions, the velocity of ultrasound decreases
/ yjp \
with increasing mass of the anion, as suggested by Barthel ; however, there 
is no similar correlation with the mass of the cation. As the value of aV/dc, 
depends upon solvation, further discussion of the series shown above will be 
given later. It may be noted that the order in which a series of cations 
increase the ultrasonic velocity depends upon the solvent; the order of their 
solvation - numbers shows a similar dependence.
Figures 13 to 18 show the variation of velocity with concentration of sane 
typical electrolyte solutions. Figure 12 shows velocity-concentration plots 
for aqueous sodium chloride solutions; plots 1 and 2 are of velocities derived 
from measurements with the Hubbard and Loomis type apparatus (there was a two- 
year interval between these measurements, demonstrating the reproducibility of 
this apparatus), plot 3 is of velocities obtained from the Debye and Sears type 
apparatus.
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PART I
SECTION IV
3* COMPRESSIBILITY RESULTS
The adiabatic and isothermal compressibilities have been calculated for
the aqueous solutions listed on page 101 , using equations (ii) and (vi)
respectively* Adiabatic compressibilities have been calculated using
equation (ii) for the solutions in methanol and ethanol also listed on page 101
Density and specific heat data for use in equation (vi) were taken from
(22)International Critical Tables' ; the lack of such data for alcohol solutions, 
prevented the calculation of isothermal compressibilities*
The compressibilities were calculated for a range of concentrations, and 
are listed in tables 1 to 55*
N*B* The variation of density and specific heat with concentration for aqueous 
solutions of tetra-methyl ammonium bromide, and tetra-ethyl ammonium bromide 
were assumed to be the same as for ammonium bromide.
Compressibilities of Pure Solvents.
Table 57 gives the adiabatic compressibilities Bs, and the isothermal 
compressibilities B for water, methanol^and ethanol^ at 25 °C,
The small compressibility of water compared with the alcohols is due to
(45)its greater degree of order compared with the alcohols' .
Crystal Frequency 
Kc/s.
263.9
973*2
Mean
Velocity m/sec. 
Density g/al.
Bs x 10^ bars"**
0,1 ^30 ~/1kP
Cp
B x 10^ bars"^
Velocity m/sec* 
fig x 10^ bars"^
6 —1
B x 10 bars
6 —1
Bs x 10 bars"
B x 10^ bars"^
H2° CH^OH CgB^OH
1498.8 1104.1 1144.7
0.9970 0.7870 0.7840
to .03^ 1 +
 
0 0 to .o $
44*65 104*23 97.34
± 0 .11 fo ±0.1$ +0,16$
0.00026 0.00095 0.00081
0.998 0.581 0.606
45,14 126.94 113.35
1497.9 1101.7 1143*1
44*70 104.69 97.61
to.11$ ±0.1$ to . Wo
45.19 126.48 113.62
44*68 IO4.46 97.48
45*17 126.71 113.49
Table 57
119.
The results in table 57 agree well with isothermal compressibilities 
obtained from piezometric measurements:-
,r-^__(46)
Water: 25 degrees C 45.7 Gibson
/
46. 4 Adams ^
Methanol: 20 121.1 m. (-Tyrer'
121.8 Fiyer,
A
27.6 127.7 Philip
30 129.3
p_ (i
Tyrer'
129.8 CD
Ethanol: 20
30
111.9
109.8
119.1
118.0
48)
.(49)
(49)
Tyrer^^
Fi*yer et.alJ^
Tyrer^^
e (49)Fryer et.al.v^'
Compressibility of Solutions
Table 58 compares isothermal compressibilities of some aqueous solutions
(51)obtained piezometrically with those interpolated from tables 3,7,8,9* 
There is excellent agreement between the results obtained by the two methods, 
which proves the validity of equations (ii) and (iv) for the present 
measurements# The compressibility of a solution is always less than that of 
the pure solvent, i.e. ^/dCg is always negative.
SJMWWdJWMHijJWJK
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£ x 10^ bars’” ^ 
From ultrasonic 
measurements 25°C
KOI KBr KI NaCl KOI KBr KI NaCl
6 41.8 43.2 44*3 40.6 41.2 42.8 43.5 40.2
10 39.5 41.7 37.6 39.2 41.4 36.8
16 36.3 41.7 33.2 36.0 41*3 32.8
20 34.3 38.1 30.7 34*1 38.1 30.6
34 32.4 28.4 32.2 28.8
30 34.6 37.8 34*4 37.8
40 31.1 31.4
45 33.4 33.2
Table 58
Attempts have been made to explain the variation of compressibility with
concentration in terms of other variables (Jacobson^^, Larionov^^,
Afenkov^^). One of the most interesting treatments was that of Passynski^^
who considered the intense electric field surrounding an ion in solution.
The pressure exerted by such a field on the surrounding solvent molecules falls
off rapidly with distance from the ions Evjen and Zwicky^^ calculated that
the pressure exerted oy ions in an aqueous 0.1 molar 1 j 1 electrolyte solution is
70,000 kg/cm at a distance of 1 £ from an ion, and falls off rapidly to 
/ 2 o
23 kg/cm at 10 A from the ion. Water molecules attracted to the ion by ion-
dipole forces are considered to be compressed to their maximum extent by the
electrical forces, but this electrostrictive effect is probably only important 
* vnWntent m
Wt.$. IB x 10^ bars"^
From piezometric measurements 
at 1000 bars 25°C
121.
for the first layer of solvent molecules - the primaiy solvation sheath.
As an approximation, the fraction of solvent molecules in the solvate sphere 
are considered incompressible.
A © *  8  =  B 0  ( 1  - f i ( )     ( a c v i )
where is the incompressible fraction of the solvent
« SC2/0j  (xvii)
S is the number of solvent molecules in the primary solvation sheaths 
of a pair of solute ions; S is known as the primary solvation number.
Passynski•s equation fl h (l - SC2 / )........ .............. (xviii)
is derived more fully in Appendix II ; the equation has been used to determine 
solvation numbers at infinite dilution SQ by extrapolation. Since the solvation 
numbers obtained from adiabatic compressibilities fall off rapidly from 8^ even 
at low concentrations, and the extrapolation is not linear, the solvation number 
at infinite dilution SQ cannot be obtained accurately.
Figure 19 shows the solvation numbers S for aqueous NaCl solutions over a
range of concentrations. SQ « 7.1. At 1 molar concentration the ratio 
- 54 but S has fallen to 6.0. At 2 molar concentration the ratio
« 26,5 and S = 5.4.
It seems likely that at low concentrations when excess water is available,
the solvation number will remain nearly constant; at higher concentrations
competition for the free water molecules may reduce the solvation number, or 
sharing may occur in an attempt to maintain the solvation number of each ion.
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In the most concentrated aqueous solutions of KOH and NaOH, the ratio 
is approximately equal to 3 and all the solvent molecules would appear to he 
hound in solvation sheaths; however the compressibility of these solutions is 
25$ that of water.
Passynski’s treatment takes into account only the reduction of compressibility 
due to removal of free, compressible water; no allowance is made for contributions 
to the total compressibility from solvated ion-solvated ion, and solvated ion- 
free solvent interactions.
The observed compressibility of a solution may be considered as made up of 
the sum of the volume fractions of the component compressibilities:
B » V*/y B1 + V2/y B2 + VV v  (xix)
where the subscripts 1,2 and 3 refer to free solvent-free solvent, solvated ion-
solvated ion, and solvated ion-free solvent interactions respectively. V is
the total volume. VV y  is the term considered by Passynski; the other two
terms on the R.H.S. should be increasingly significant at higher concentrations.
For example assuming a constant solvation number of 7.1 for aqueous sodium
chloride solutions (this will be derived from the experimental results in Part II
Section Ii) the difference between B observed and the Passynski term is
1 6approximately proportional to * up to saturation. Although at low 
concentrations &2 B^ will be large, the corresponding volume fractions are 
small; thus Passynski’s extrapolation is still valid, as the limit of the other 
terms at infinite dilution is zero.
The adiabatic and isothermal compressibilities of aqueous acetic acid 
solutions pass through a minimum at ca.5 molar and ca.3 molar concentrations 
respectively, and at higher concentrations ^/dCg is positive;for 100$ acetic
acid, the isothermal compressibility is 0.94*0 10^bars ^at 25 degrees C (Tyrer^^
o 6 wj
20°C, 90*8; 30°C 97.2), the corresponding adiabatic compressibility is84»6 10 bars.
Passynski !s equation alone cannot predict a minimum since ^/dc^ " “ q )
but equation (xix) gives a minimum value of B when “ /ao,- 0.
Differentiating equation (xix)
“ /do = £ i £ l l  + £2 + ^   («)
2 V dc2 V dc2 V dc2
When do 2 = 0,
- B. = Bp 3I2 + B_   (xxi)
1 dc^ 2 3 dc2
Thus under certain conditions a minimum can occur in the compressibility/ 
molarity plot.
Considering the equation
B - Bq (1 -* S°C2/C1) = B2 + 2  B3 ....... (xxii)
in the case of aqueous acetic acid solution, the terms on the R.H.S. are 
2 6proportional to C2 * .
It has been found that a general equation of the type
c p ""4
B = [ 1 + (SQ + Ac2 + Bc2 ) ]  (xxiii)
reproduces the adiabatic compressibilities of all the aqueous, methanol, and
ethanol solutions studied. S is the solvation number at infinite dilution,0
and A and B are constants (for most solutions B is veiy small or zero).
If equation (xxiii) is expanded binomially (neglecting the term in B)
B = B0 [ 1 + C2/c1 (So + Ac2) ]   (xxiv)
0 = B0 [ (1 - S002/01) - A°22/C1 + ^ ° 2/°i (So + Ac2)J (-I)”
where n 2 (xxv)
At very low concentrations where 0, equation (xxv) gives the same
values for B as Passynski's equation (xviii); the first bracket on the R.H.S. is 
identical with Passynski's equation with So replacing S. Comparing equation (xxv) 
with equation (xix), and assuming a constant solvation number, the terms in 
equation (xix) representing the volume fractions of compressibilities due to 
solvated ion - solvated ion, and solvated ion - free water, may be equated to 
the remaining terms on the R. H. S. of equation
is. v2/v ■ Bp + v3/v = - ^ 2  <So + Ao^  / (-1>!
(xxvi)
The values of A determined, are listed in tables 1 to 55; in aqueous
solution A is usually negative or zero, the exceptions being NaOH, KQH, LiOH,
MgS0^, HNO^ . If equation (xxv) is expanded fully, the terms are alternately
positive and negative; for negative A, the terms including A are always positive,
and so the observed B is greater than for positive A* Ion-pairing has been
shown to occur 60,61) cases of NaOH, LiOH, and MgSO^ solutions,
(58^although there is no evidence that ion-pairing occurs in aqueous KOH solutions 
A therefore seems to be positive for those solutions where ion-pairing occurs;
126.
a comparison of the values of A for MgSO^ and MgClg (the latter has been 
shown to form no ion-pairs)5 + 2.3 and 0.0 respectively^is further evidence.
Ion-pairing would result in a lowering in solvation number, since the 
ionic changes are partially neutralized, and therefore compressibility should 
decrease more slowly with increase in concentration. The positive value of A 
acts in opposition to this however, and if A is dependent upon ion-pairing, 
the solvated ion-pairs must have a lower compressibility with respect to one- 
another and to free water, than independent solvated ions; this decrease must 
overcome the increase in compressibility due to the lowered solvation*
(63)
There is considerable evidence for ion-pairing in alcohol solutions , 
the change of compressibility with concentration should be small, and positive A 
values would be expected for these solutions; A is not however always positive 
in those cases where ion-pairing has been demonstrated; presumably A is only to 
be considered as a possible indication of ion-pair formation in aqueous solutions.
In the limit °2-»0, the differential ^/dCg is the same for equations 
(xviii) and (xxv)
^ / d ^  = - BoSo/Cl  (xxvii)
therefore the initial negative slope of the compressibility-concentration graph 
is proportional to the solvation number at infinite dilution (see page 106).
In aqueous solution at equal solute concentrations, the compressibility
decreases along the series NH^+ ^  Id* > K + >  Na+ for all anions; and along
the series I” y  Br” y NO,” y  Cl” for all cations. In methanol solution the
3
series ares NH^+£2 Li+'> K+ y  Na+ ^ and Cl” y  Br~ ^  N0^~ y  i” , and in
ethanol the series are Na+ ^  Li+5 and Cl ^ Br ^  NO^” y  I .
It follows from equation (xxvii) that the solvation numbers at infinite dilution 
will be in the reverse order of the above series.
Figures 20 to 25 show the variation of adiabatic compressibility with 
concentration for some aqueous solutions at 25 degrees C.
I 28
4 3 -
4 2
co
"— o 
HCI
3 7 -
VAR1 AT ION QFADlABATlCCOMPRESSlB lVrTY-L^URE 2 0  
WITH CON CEN TR ATION  ' ■ \
SOME AQUEOUS A C ID S  \
36
3 5 ” HN O'
C O N C E N T R A T IO N  M O L E s /
I 29
4 5
A;T [_ON _OF^AD jA BAT iC COM P g ESS I B 1L 1TY
— -ilXhL... P Q  NCE N TRA T  i O  Ni
O' . SOME AQUEOUS SOI NT |ONS
3 0 -
20-
FIGURE
-koh .
CONCENTRAT ION : m
130
9 0
VARIATION OF COMPRESSIBILITY WITH CONC^.
8 0 -
AQUEOU-S ACETIC AC ID SOLUTIONS '
0 ISOTHERMAL
A ADIABAT 1C
<y)
in
lli
60r
50r
F IG URE 2 2
8 0  9 0  IOO20:^; 4 o
■ WT;°/o A C E T  |C A C ID
5 0 6 0 7 0
131
VARlAi iQN Oh ADIABAT IC COMPRESS!BJIJTYwjTH CONCN 
‘ ' SOME AQUEOUS SOLUT1 QNS •■■■•?
4 0
HNO
KCI
Br
FIGURE 2 3
N clNO25
CO'N.CE N TRAT |ON MOLES L
132
VARIATION OFAD1ABAT 1C ■COMPRESS IBILITY WITH CQNC
SOME SOLUT IONS IN M E TH A N O L
9 0
"80
■ UCI-70
F IGURE 24
’ CON CENT RAT ION . MOLES /  L
133
" IO O
VAR 1 AT ION OF ADIABATIC COMPRESSIBILITY WITH CONG1.
SOME SOLUTIONS IN ETHANOL
9 0
f 8 0 UCI
Li'Br
- 6 0
FIGURE 25
Ul
c o n c e n t r a t i o n  m o l e s / l
134.
PART I
SECTION IV
4. APPARENT MOLAL COMPRESSIBILITIES
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The apparent molal compressibility <p2 a solute is defined by equation 
(xxviii)
n _ m . =  Vft - — r.
11 1
292 B - n, B,0 V,0 . *.   ...... (xxyiii)
qp2 is therefore the compressibility change of a system due to the addition 
of n? moles of solute to the pure solvent. The change varies with solute
(25)concentration; Gucker showed that for a wide range of concentrations 
(0.5 to 2 molar) <p2 varies with molarity according to equation (xi).
?2 = fz + sx c2° + s_ c *  (a.)
The extrapolated value (p2 is identical with the partial molal compressibility; 
X2° at infinite dilution; is defined by equation (ix)
X2 = n2V 2^ n2 /  + ^2 = ( X/&n2^ lyT.P.lyT.P.
............. (ix) .
<p2 was found to obey equation (xi) at all concentrations up to saturation
o  -  °
for the aqueous solutions studied. The values of <p2 (X 2 ) and Sx are listed 
in tables 1 to 29*
4
Gucker's relationship between <jp2 and C2 can be derived from the Debye Huckel 
theory (see AppendixIIl); the theoretical values of Sz for different valence 
types are.listed in table 59»
Valence f   ^ xS^/2 Theoretical Slope Sz x r10^
\ L V <-Z ^Type L. i Lj (64)Bachem Gucker
1:1 2 .628 6 .3 6.1 
2:1 14.69 32.6 31.7
2:2 22.63 50.3
Table 59
136.
Table 60 compares some experimental values of Sx with the theoretical 
values in table 59.
Solute Experimental Slope Theoretical Slope
sx X 104 Sx X 104
NaCl
NaBr
Nal
NaNO,
3
(CH«) NBr 
5 4
(C^) NBr
LiOH
NaOH
HC1
HN0„
3
MgCl2 
MgS04
Table 60
The deviations from the theoretical slopes are considerable, it is 
however noticeable that the experimental slopes increase with the value of 
<p2 (see figure 26).
13*0
9.3 
6.8
10.2
T5.1
22.0
16.4
20.0
5.4
7.5 
29.2 
33.8
6*3 \ 6.1
32.6 ; 31.7 
50.3
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The calculation of theoretical slopes (AppendixXIl) includes the evaluation 
of the function
f ( W )  = B2 + 24flA P -  6 §  ^  + 15 (I ^ p ) 2 - | ^ 4 p2
  (xxix)
where D is the dielectric constant of the medium.
In Gucker^ derivation of theoretical slopes, the terms in S bA p and
&>/* p2 were calculated for water from data derived by Kyropolous^^ and
(66)Bridgman , and assumed to apply to electrolyte solutions.
(67)
The compressibility of a solution at any pressure is given by equation (xxx)
fl(P> T(p) = 9-4545 *1 0 _ x2 ^ 2 (P) ...................(xxx)
B + P + P OPe
(p)where v is the specific volume at a pressure P, of a solution containing
x^  grams solvent, and x^ grams solute. B and C are constants characteristic
of the solufatj ^  sPeci^° volume of the pure solvent. 7& is a. const ant
cKaLra-cterisfcic of the solot-e.
The variation of dielectric constant with pressure has been studied by
Waibel^^, and Owen and B r i n k l e y W s d b e l  found a quadratic dependence
D_, = D (1 + XP + YP2)  (xxxi)
P o
It seems likely therefore that values taken for the differentials 
^ ^ P  and ° % P 2 by Gucker are incorrectj a consideration of the variations 
of B and D with pressure will give a different value of theoretical slope, 
which is a characteristic of the solute.
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The relationship between <p^  and Sx (figure 26) may be expressed (by method 
of least squares^^) for 1:1 electrolytes as
-92° * 5*3 Sx - 15.1  (xxxii)
therefore Gucker*s equation (xi) becomes:
<p2 = 92O-(0*19<p2O - 2.85) 0/   (xxxiii)
(71)
Equation (xxxiii) is analagous to Onsager's limiting law for electrical 
conductivity.
o
- /\ - (B1 A  + b2) 2^ .........(xxxiv)
Equation (xxxii) holds only for 1:1 electrolytes, thus MgCl^ and MgSO^ do not
obey the relationship (see figure 26).
Assuming (with reference to AppendixHl) that the general equation is of
the form p 3/2 4-
92 83 92 + (■^1 ^2 + ^iZi ^ C2 .(xxxv)
for 1:1 electrolytes A1 = 0.067; A^ = 1.008.
Therefore for 1:1 electrolytes:
<p2 = <f° - (0.19 <p2° - 2.85) C*   (xxxiii)
for 2:1 electrolytes:
92 = 92° - (0.98 92° -14.81) C22 ..........(xxxvi)
for 2:2 electrolytes:
—
92 = 92° - (l• 51 92 - 22.81) C * .........(xxxvii)
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Even if the correct value of Sx was calculated by Gucker, it is likely that 
the theoretical equation (derived from the Debye Huckel theory) holds only at 
low solute concentrations! Bachem's^^ measurements extended from 0,5 to 0,003 
molar, however returning to the analogy of conductivity these are relatively 
high concentrations. In some cases the Onsager limiting slope is only obeyed 
asymptotically in the limit 0, and at higher concentrations deviations occur 
due to incomplete dissociation or ion-pairing.
The decrease of (negative) with increasing solute concentration is
equivalent to a positive contribution to the overall compressibility by the
solute, and this is a further indication of the lack of terms relating to the
solute, in the Passynski equation. In some cases (ammonium salts, acids,
tetra-alkyl ammonium salts) (p^ becomes positive at higher solute concentrations!
thus at these concentrations the major effect of large cations is to break up
(45)the structure of water and so increase its compressibility.
From equation (xxviii), the apparent molal compressibility at infinite 
dilution is the change in compressibility of the solution due to the addition
of one mole "ideal” solute, interionic effects having been removed by the 
extrapolation to infinite dilution. Thus the extrapolated value of 
expressed in litres per bar is approximately proportional to “ /do
<p°oC (“ /do,) ...... ...(xsxviii)
T2 2 C.~>0
From Passynskirs equation
Limit CL— ^ 0 dc~ = - .... .... (xxvii)
* * 0
Therefore 0 _ So&o/q  (xxxix)
^2  ^o
Equation (xxxix) gives a second method for the calculation of solvation 
numbers at infinite dilution; this is further discussed in Part II Section II.
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PART II
SECTION I
INTRODUCTION TO IONIC SOLVATION
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The structures of pure liquids and of solutions are not as well understood 
as those of well defined geometrical solids, or of gases* The structure of the
most commonly used solvent - water-is still not fully understood, and the 
>ns oi
,(73)-
(72)implication f the classical paper of Bernal and Fowler are still "being
considered
The addition of a solute to a liquid further complicates the situation, 
and many of the individual properties of solutions, such as density and viscosity 
are related directly to the solvent - solute interactions*
(7 4)The well known limiting law of Debye and Huckel enables one to calculate
the free energies of ions in extremely dilute solutions, and further modification 
to take into account electrostatic forces between ions extends the concentration
(75)
range of application, particularly for multiply-charged ions
To obtain a model of ionic solutions, both dilute and concentrated, it is
necessary to determine the nature of the interactions between solvent and solute 
(76)
ions. Fajans suggested that the hydration of ions arose from coulombic 
interactions between the ions and the polar solvent molecules, enhanced1 by
polarisation of the latter. Further solvent molecules are attached to this
primary solvation shell by dipole - dipole forces, and constitute the secondary
solvation shell; the terms chemical solvation and physical solvation have also
been used in this connection. Small ions, because of the large polarisation
which they induce in the solvent molecules, are considered to be surrounded by
(73)
several solvation shells; for example Azzam considers the proton in aqueous 
solution to have one primary, four secondary, and nine tertiary solvated water 
molecules.
144*
Frank and Evans suggested that in aqueous solutions, the ions hold
water molecules in comparatively rigid orientation; for multivalent monatomic j
3+ions, eg. AT , this "ice-like" region may extend outside the first solvation 
layer* Beyond this region there is a considerable increase in disorder, the 
hydrogen-bonded water structure being disturbed; this "structure-breaking” region 
extends out into the bulk solution.
From the earliest days of ionic theory, ions have been considered as bound 
to solvent molecules. Many experimental methods have been used to determine 
the number of water molecules associated with the ions in aqueous solutions; 
these methods include measurements of density, compressibility, freezing and 
boiling points, transport numbers, solubility, and mobilities as functions of 
the concentration of the solution.
Those methods dependent upon activity determinations, for example
cryoscopic^^, vapour pressure , and salting o u t ^ \  all give comparatively
high results, and presumably measure both the total primary and secondary
solvation. It appears however that each method measures a rather different
aspect of the solvation, and thesolvation number.-, ie. the number of solvent
molecules associated with an ion or polar molecule, obtained for a given system
varies considerably from method to method. For example, to the sodium ion have
(81)been ascribed hydration numbers ranging from 1 to 700 I
The variation of solvation number may be due to the nature of the 
experimental method, or to the extent of solvation which is measured. A good 
example of the first case is that of transport measurements using the inert
145.
(ft? ft^^
reference substance method ’ where the fundamental assumption is made that 
the reference substance does not move under the influence of the applied field* 
However transport of the reference substance has been shown to occur(84). gQ 
far as the reference substance dissolves in the solvent, it must to that extent 
be polar.
All dynamic methods of solvation number measurement must be regarded as 
supplying, at best, information on the solvation of ions in the solution under 
the altered conditions of the experiment.
Many attempts have been made to interpret ionic mobilities in terms of 
solvation. The mobilities of the alkali metal cations (Li+ = 38• ?, Na+ = 5^ *1,
K+ sb 73*5, Rb+ =s 77.8) increase with the ionic radius, which could be accounted 
for by assuming that the hydration number decreases along the series; it is 
difficult however to obtain a consistent set of hydration numbers.
Since water molecules attached to an ion will have only a limited freedom 
of movement, ionic entropies have been used in order to calculate hydration 
numbors(85).
With the exception of mobility studies, all methods used in the deteimination 
of hydration numbers give the sum of the ionic hydration numbers ie. the 
"molecular" hydration number, and assumptions must be made in order to divide 
the solvation of a salt into its ionic components. Remy^^ assumed that large 
organic ions such as PhNH^+ were non hydrated (this assumption has also been
/ \ f
made by Stokes and Robinson' in order to correct Stokes s Law for application 
to other ions). Other less justifiable assumptions have been made eg. that
OO D q\
the hydration numbers of NO^ and of I are zero * •
146.
Very little work has been carried out on non-aqueous solutions. An 
investigation of the solvation of univalent ions in methanol and ethanol by 
Cordier^^ gave inconsistent results. The method employed Stokes’s Law as 
modified by Stokes and Robinson; the difference between the volume of the 
solvated ion as determined from the corrected Stokes’ sLaw, and the crystallographic 
volume of the ion, gives the volume of the solvated solvent, and thus the 
solvation number.
The method used in the present work is that of compressibility. A more 
complete treatment is given in the text; briefly however, the compressibility 
of water is decreased by the presence of ions, due to the complete compression 
of the primary hydration shell by the intense forces surrounding the ion*
The hydration number may be calculated from this decrease in compressibility*
(73)
Table 61 gives hydration numbers obtained by several different methods for 
simple univalent ions and Mg •
14?.
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SOLVATION NUMBER RESULTS
149.
Aqueous Solutions
Table 62 lists the limiting hydration numbers of the electrolytes studied 
in aqueous solution at 25 degrees C. The values of SQ were calculated
are listed in tables 1 to 55*
The limiting solvation numbers obtained are not integers, and the values 
measured must therefore be mean limiting solvation numbers# Although the 
primary solvation shell is held strongly enough to make the water molecules 
incompressible, there must be an equilibrium between solvated and free water 
molecules, and in more concentrated solutions, between water molecules solvated 
to different ions.
graphically using equation (xxiii) for both adiabatic and isothermal 
compressibilities.
(xxiii)
Rearranging equation (xxiii) gives
2 (xl)
A plot of ^  °/B ~ ^   ^ against O2 gives in most cases a straight line of
slope A and intercept Sq; in the cases of NaOH, KOH, LiOH, and HNO^ , the term 
2
Bc^ must be introduced to obtain a linear extrapolation. The values A and B
The hydration numbers listed in table 62 are seen to be additive*
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Adiabatic Hydration Numbers
Solute s0 Solute So Solute S0
NaCl 7.1 KC1 6* 4 LiCl 6.0
NaNO^ 6.9 KNO^ 6.1 LiNO, 5.6
NaBr 6.5 KBr 5.9 LiBr 5.4
Nal 6.0 KI 5.4 Lil 4.7
NaOH 9.9 KOH 9.2 LiOH 8.7
Solute
m  ci 
4
4 3
NH.Br
4
NH .1 
4
4.2
4.1 
3.7
3.2
AgNO^ 6.0 MgCL2
HC1 2.1 hno3
(CE^ ) NBr 6.7 (<y^)
12.5
1.8
MgS04
CH C00H
3
14.8
1.8
Isothermal Hydration Numbers
Solute so Solute So Solute S0 Solute So
NaCl 6.8 KC1 6.2 LiCl 5.6 NH Cl 
4
3.7
NaNO, 6.0 KNO^ 5.3 LiNO^ 5.0 NH NO, 4 3
3.7
NaBr 5.7 KBr 5.5 LiBr 5.0 NH .Br 4
2.8
Nal 5.0 KI 4* 6 Lil 4.2 m i4
2.8
NaOH 9.2 KOH 8.8 LiOH 8.4
AgNo^ 5.1 MgCl2 12.1 MgS04 14*1
HC1 1.9 HNO,
3
1.7 CH^COOH 1.7
(CHj) UBr 6.5 o ro vC
. 10.4
Table 62
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The dissociation of these hydration numbers into their ionic components is to 
some extent an arbitrary process, since it is necessary to assign a hydration
number to one particular ion. Table 63 lists ion hydration numbers calculated
from the limiting hydration numbers in table 62 using two independent
assumptions.
a) The planar nitrate ion can accommodate two water molecules in its primaiy 
hydration shell
b; K and Cl are equally hydrated. This is based on the fact that K and Cl 
have almost equal ionic mobilities, so that they probably have a very similar 
effect on the solvent^
The isothermal solvation numbers are slightly lower than the adiabatic 
solvation numbers, this is expected from a comparison of equations (iv) and
(xxvii)
2,
B B + s ^ (iv)
"/do.2
(xxvii)
o
Differentiating equation (iv) gives
(xli)
Therefore SQ adiabatic is greater than SQ isothermal by a quantity
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Ion Adiabatic Isothemal
Na+
1^=01“
3«9
* Nd^=2
4.8
Mean
4.4
K+=cr
3.6
N0~=2
5
4.2
Mean
3.9
K+ 5.2 4.1 3.7 3.1 3.7 3.4
Li+ 2.7 3.6 3.2 2.6 3.2 2.9
m A+4 1.1 2.0 1.6 1.0 1.6 1.3
Ag+ 3.1 4.0 3.6 2.5 3.1 2.8
Mg^ 7.0 7.9 7.5 5.9 6.5 6.3
(CH.) H+
(C2hJ n+
4.1
7.8
5.0
8.7
4* 6 
8.3
4*1
8,0
4.7
8.6
4.4
8.3
Cl” 3.2 2.3 2.8 3.1 2.5 2.8
2.9 2.0 2.5 2.6 2.0 2.3
Br” 2.6 1.7 2.2 2.4 1.8 2.1
I" 2.1 1.2 1*7 1.7 1.1 1.4
OH" 6.1 5.2 5.7 5.7 5.1 5*4
S0/ ~ 8.8 7.9 8.4 8.2 8.8 8.5
The hydration numbers of the acids studied are less than the corresponding 
anionic hydration number.
Solute Adiabatic S Isothermal So o
HC1 2.1 1*9
HN0„ 1.8 1.7
CH^COOH 1.8 1.7
Table 63
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In order of decreasing hydration, the main series of cations is:
(1) Na+ >  K+ y  Ag+ y  Li+ NH + 
and of anions:
(2) OH" >  Cl" > HO " )>Br_ > I-
For these ions, the Pauling radii r^ , and the limiting equivalent
conductances )|° at 25°C are:
(3) NH4+ K+ Ag+ Na+ Li+ I~ Br“ Cl“ NO^" 0H~
i\ ,A 1.48 1.33 1.26 0.95 0,6 2,16 1.95 1.81 -
X° 73.6 73.5 61.9 50.1 38.7 76 78 77 72 198
The ionic mobilities of univalent ions decrease as the ionic radii decrease 
this is explained by considering that the dynamic species is the hydrated ion, 
and that the hydration increases with the surface charge density *#"of the ion,
where (T“ = ‘^'^ ""2 • series (3) is thus one of increasing hydration,
 ^ 4*and is similar to series 1 and 2, with the exception of the positions of Li
+ +and NH . The hydration assigned to Li from mobility studies must include
water molecules in a secondary solvation sheath, for only about three water 
molecules can be accommodated in close contact with this ion. If the 
compressibility of water molecules in the secondary hydration shell is very 
similar to that of 1 free'1 water, then this extra hydration will not be included 
in the values for series 1. Desnoyers^^ from density measurements concluded 
that Li+ is less hydrated than K+ which in turn is less hydrated than Na+
It seems likely that several effects control the degree of solvation of 
an ion, these include the surface area of the ion and its surface charge density 
’0“'“ f the orientation of the solvent molecules, and steric hindrance between 
solvating solvent molecules. A combination of the first two effects may cause 
Li+ to have a small hydration number (from compressibility measurements); Li+ 
has a high surface charge density, but a low surface area, if the effect of the 
latter is most important, a low primary (incompressible) hydration will result.
In hydrating a cation, a water molecule is orientated in the direction of its 
dipole (figure 28a); a water molecule hydrating an anion has a choice of two 
orientations (figure 28b,c). The orientation shown in figure 28c is preferred 
as it is of lower potential energy. The halide anions considered ar<= larger 
than alkali-metal cations, therefore the surface charge density is more important 
than the surface area, and the hydration will decrease with decreasing charge 
density:
Cl” ^  Br ^  I see series 2.
*4" «L
The NH ion appears to be less hydrated than the K ion in series 1, 
although the mobilities are very similar (series 3), However the mobility of 
NH^* is low compared with Rb+ (r^  = 1.48 2. , X° = 77.8); the corresponding 
hydration enthalpies are Rb+ 71 k'cal/g.ion^^ and NH + 78 k'cal/g.ion^^.
It seems that the structure of the HH4+ ion is important here, with the 
possibility of N-H— 0-H bonding to the water molecules.
The hydration numbers of the acids studied are very small - not greater
than those of the corresponding anions. This appears to indicate that the 
+entity H^O is indistinguishable in compressibility from Ho0; in support of this,
the slopes of the compressibility v. molarity curves for hydrochloric acid and 
acetic acid are very similar, so that the increased ionisation of the latter as 
C2- * 0  is not apparent." Hasted and Roderick^ suggest that the presence 
of ELO increases the average strength of temporary bonds, however considerable 
bond breaking occurs at the boundaries of the hydration sheaths; thus H^O 
has a strong structure-breaking effect, similar to that of a large positive ion, 
which leads to increased compressibility and thus to decreased solvation.
(107)
The OH ion appears to be strongly hydrated; X-ray diffraction work by Brady 
gives ion hydration numbers of 4 and 6 for K and OH respectively, in good 
agreement with the values given in table 63.
The tetra-alkyl ammonium ions (CH^)^N+ and (c^ H^ ) N+ appear to be extensively
hydrated; moreover, the hydration number is greater for the larger ion. The
constancy of the Stokes’s Law product for these ions over a wide range of
temperatures has been taken to imply that they have no primaiy hydration shell;
on this basis Stokes’s Law correction factors and hydration numbers have been
8^7)
assigned to other ions'* . These numbers are in general larger than those of 
series 1; for example
Li+ Na+ K+ Mg’* m.+4
From corrected 
Stokes’s Law Radii 7 5
/ \* 
(6) 12
A*. A/. 
(0)**
Present work 3 4 3.5 7 4.5-8
* . Approximate calculation.
** Assumed.
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The calculated hydration numbers would be increased if some hydration of
J.
the NR^ ion were allowed for; however it seems possible that a sphere very little 
greater than that of the NR^ ion might include several water molecules reducing 
the compressibility of the solution without increase of the Stokes's Law radius. 
The number of water molecules thus included would be greater for (C^ Hj.) H* ions 
than for (CH^)^N+ ions.
It should be noted that the "structure breaking" effect of large ions cannot
4.
account for the large observed hydration of the NR ions, because the general 
loosening of structure of the solvent would lead to increased compressibility
4.
and an apparent decrease in hydration; however as with H^O , bonding may occur 
between the ion and the surrounding water molecules (of the type N-C-H— 0-H) 
and if this increase in order is greater than the decrease in order at the 
boundary of the solvation shell, there will be an overall increase in order, and 
thus an increase in solvation as calculated from the compressibility#
The enhanced hydration of divalent ions is apparent from the values for 
MgClg and MgSO^; the relevant hydration enthalpies are:
Mg**-4" 472 k'cal/g. ion^^^
01" 80 k'cal/g*ion^1°4^
SO 229 k'cal/g.ion^105^
In Part I Section IV,4> it was shown that
<p2° “ B°S°/c1o  (xxxv)
0 1q>2 expressed in litres bars*" against SQ (derived by extrapolation using
equation (xxiii) for isothermal compressibilities) give3 a straight line 
(figure 27); the equation of the straight line (by method of least squares ^ ^ )  
is
<p2° « 4.65 -.1.55 S0 .......... (xlii)
The equation of the line should be from equation (xxxv)
<p2° = - 0.816 S0  (xliii)
this line is shown dotted on figure 27.
The discrepancy between these two relationships connecting cp2°and SQ is 
taken to mean that equation (xxxv) is too simple to enable reliable values of Sq 
to be calculated from extrapolated (p2° values.
Methanol Solutions
Table 64 lists the limiting solvation numbers of the electrolytes studied 
in methanol at 25 degrees C. The values of SQ were calculated graphically using 
equation (xxiii) for adiabatic compressibilities.
Compared with their hydration numbers, the solvation numbers of salts in 
methanol are generally lower, except for the alkali metal iodides and the 
ammonium salts#
158
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Solute So Solute So Solute S0
Solute So
NaCl 4*7 LiCl 4.2 NH .Cl4 4.9
NaBr 5.6 KBr 5.2 LiBr 5.0 NH.Br4
5.0
Nal 6.2 KI 6.0 Lil 5.6 NH4I 5.5
NaNCL
3 5.9
LiNO,
3
5.3 nh4no3 5.2
(CH,) NBr, 
3 4
5.8 (cya^jsBr 8.6
Table 64.
Individual solvation numbers of ions, calculated on the basis S (NCL
0 3
are listed in table 65*
Ion Ionic S0 Ion Ionic
Na+ 3.9 NO “ 3
2.0
K+ 3.6 Br- 1.7
Li+ 3.3 Cl” 0.9
NH,+ (3.3)* I" 2.4
(ch3)4h+ 4.1
(c2h5)4n+ 6.9
* Solvation numbers for the ammonium salts are not additive 
but are very similar to those of Li salts.
Table 65.
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The corresponding limiting equivalent conductances at 25 degrees C are;
K+ Na+ Li+ I” Br" Cl”
52.4 45.2 39.8 62.8 56.6 52.4
The order of the solvation numbers of the cations in methanol is the same 
as for their hydration numbers: Na+ y K+ /■ Li+ NH^+ end (G^ H^ ) N+ ^(0H^)^N+ ; 
that of the anions is completely reversed ie. I” y  N0^” y Br" Cl” .
Methanol molecules are not symmetrical about a plane perpendicular to the 
plane of the molecule as are water molecules (figure 28,d,e) (arrows indicate the 
direction of the dipoles). In methanol solutions the solvation of cations 
decreases in the same sequence as the hydration (series 1) but is reduced because 
of steric hindrance of the larger solvent molecules; the solvation of anions 
however follows the reverse of series 2. Presumably the direction of the. 
methanol dipole (figure 28e) causes the methanol molecule to solvate an anion 
in the manner shown in figure 28b; this enables more solvent molecules to cluster 
around an-anion, the surface area becomes more important than the charge density 
effect, and the solvation number increases with the size of the ion ie.
I" > Br- y  Cl” .
Ethanol Solutions
Table 66 lists the limiting solvation numbers of the electrolytes studied 
in ethanol at 25 degrees C. The values of Sq were calculated graphically using 
equation (xxiii) for adiabatic compressibilities.
(a )  ;■ - . ( b) (C)
POSITIONS FOR A WATER DlPOLF.ADjAC.ENT TO AN ION
. 4
o 
X  \
H H
(0) . 
WATER
/ \ 
H "  H
( f )
ETHANO L
DIRECTIONS OF DIPOLES
H /  ' '-H
/ N H(E)
M ETHANOL
f i g u r e  28
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Solute So Solute So Solute So
- LiCl 2.7
NaBr 2.9 LiBr 3.4 NH Br 4 2.5
Nal 3.2 Lil 3.7 NH J 
4 3.3
(C2H5)4NBr 4.9
LiNCL
3 3.4
NH ,N0„ 
4 3
2.9
Table 66
Individual solvation numbers of ions calculated on the basis S (NO ~) = 2
o y
are listed in table 67.
Ion Ionic 0 Ion Ionic S0
r 2.5 Na* 0.9
NO “ 
3
2.0 Li* 1.4
Br" 2.0 2.9
c r 1.3 NH + (0.9)*
Solvation numbers for the ammonium salts are not additive but are
similar to those of Na salts.
Table 67.
The order of solvation numbers of the cations in ethanol is
Li x  Na NH. , that of the cations is almost the same as for methanol 4
I~ ^  Br"* = N0~ Cl" . Individual values of for the molecules are still 
5 o
further reduced. The same reasoning may be followed, as for methanol; the
ethanol dipole (figure 28f) is again displaced and an orientation similar to
that in figure 28b is more likely than the hydration orientation (figure 28c).
Solvation numbers of anions and cations should follow the same series as in
methanol, but will be reduced because of the greater steric hindrance between
*4* +the larger ethanol molecules. Li is more solvated than Na , so that the charge 
density is more important than the surface area in this case.
The solubility of the salts studied is generally lowest in ethanol. In 
the case of the potassium halides, sodium nitrate, and sodium and ammonium 
chlorides, the solvation energies are insufficient to exceed their lattice 
energies to the extent of minimum solubility (about 0.1 molar) required for 
ultrasonic velocity measurements.
The relationship between solvation number and *^Vdc^ (equation xxvii) has 
a direct effect upon the series of compressibilities (page 126), and the series 
of velocities (page 107). The series of compressibilities is the reverse of 
the solvation series. The series of velocities is also dependent upon ^/dCg, 
but the effect is reduced by the inclusion of the differential do^ in­
equation (xiii).
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PART III
SECTION I 
CONCLUSIONS
1 • A new interferometer has been designed and built employing a liquid-air 
interface as reflector, and a Schlieren technique to observe the standing 
wave train. The accuracy is not better than the existing interferometer, 
but the interferometer is more convenient to use.
2. The isotheimal compressibilities of the pure solvents H^ O, CH^OH, and
C J3L0H have been determined.
2 5
3. The solvation numbers of solutes (derived from adiabatic compressibilities) 
in aqueous, methanol, and ethanol solutions are listed in table 69, together 
with the relevant series in order of decreasing solvation number.
4» The following ion hydration numbers are suggested, derived from adiabatic 
compressibilities, and estimated by two approximations (the numbers are given 
to the nearest half unit).
Ha+ K+ Li+ HH4+ Ag+ Mg++ (CHj) N+ (C^) N+
4.5 4.0 3.0 1.5 3-5 7.5 4-5 8.5
Cl” NO " Br- I" OH" SO4-" 75/>/e 48
3.0 2.5 2.0 2.0 6.0 8.5
Isotheimal solvation numbers are in general
166.
Solute h2o CH_0H
3
c2h o^h
NaCl 7.1 4.7 -
NaBr 6.5 5.6 2.9
Nal 6.0 6.2 3.2
NaN0„
0 5.9 5.9 -
KC1 6. 4 - -
KBr 5.9 5.2 -
KI 5.4 6.0 -
kno3 6.1 - -
LiCl 6.0 4.2 2.7
LiBr 5.4 5.0 3.4
Lil 47 5.6 3.7
LiNO„
0
5.6 5.3 3.4
NH Cl 
4 4.2 4*9 -
NH Br 
4 3.7 5.0 2.5
NH 1 
4
3.2 5.5 3.3
nh4no3 4* 1 5.2 2.9
(CH3)4NBr 6.7 5.8 -
(CLH_) NBr 
2 5 4 10.4
8.6 4*9
In H20
Cl" >  N05-> Br“ >  I- 
Na+ > K+ >  Li+ >  NH4+
(C2H5)4M+>  (CV 4N+
I- >  NO*” > Br" > Cl­
in CH^OH Na+ > KT > Li+ %  NH4+
(c2H5)4k+ >  (ch3)4h+
In C X O H  1 +^ N03 “ Er C1
2 5 Li+> Na+ «  NH +
Ha H20^  Ha CHjOH^ Na+C2H5OH
L1+H20'^ ' U + CH30H ^  Li+C2H5OH
HJI+ >  EJT4"™, tt nn4 H2O 4 CH3OH 4 C2H5OH
Table 69.
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half a unit less than the adiabatic solvation numbers.
5. An equilibrium exists between solvated solvent molecules and "free” solvent 
molecules, and at higher concentrations between solvent molecules solvated to 
different ions.
6. Ions in solution have a primary solvation sheath in which the solvent 
molecules are incompressible.
7. The hydrated proton H^O is indistinguishable frcm H^O in compressibility.
8. Solvated ions have two effects in solution - they increase the orderliness 
of the solvent structure in the solvation sheath, and decrease this order at 
the boundary of the sheath. The average resultant order determines the 
decrease in compressibility of the solution and the degree of solvation 
measured.
9. Ammonium salts and tetra-alkyl ammonium salts appear to enhance the 
structure of their solvation shells by hydrogen-bonding with the solvent 
molecules.
10. Several effects govern the degree of solvation - the surface area of the 
ions and their surface charge density, the orientation of the solvent moleculess 
and steric hindrance between solvating solvent molecules.
11. The structure of solvated anions in alcohols is different from that of 
hydrated anions, due to the different orientation of the solvent dipoles.
The structure of solvated cations in alcohols is similar to that of hydrated 
cations. Models for the solvated species are suggested.
12. The apparent molal compressibility at infinite dilution (equivalent to the 
partial molal compressibility at infinite dilution) is related to the degree 
of solvation.
1
13# The apparent molal compressibility varies with according to the-an
equation of the form
<P = <P0 + + V  C2
where and k^ are constants depending upon the valence type of the solute. 
This equation accounts for deviations from the Debye-Huckel limiting law.
14. The compressibility of a sdution is always less than that of the pure 
solvent.
15* The differential ^/dc^ at low concentrations when is proportional
to the solvation number at infinite dilution.
16. At a given solute concentration, the solution compressibilities are in the 
reverse order of solute solvation numbers given in table 69*
17. Compressibilities from acoustic measurements agree well with those 
obtained piezometrically.
18. Passynski’s equation for compressibilities lacks teams for ion-ion and 
ion-solvent interactions. Assuming the solvation number to remain constant 
with change in concentration, an empirical equation has been used, the 
expansion of which contains Passynski’s equation and which has the same
limiting value - The empirical equation is of the form
B = Bo L1 + ?  (S° + A°2 + B022)
where A and B are constants specific for the solute. The equation holds for 
all aqueous and alcoholic solutions studied.
Values of A in the empirical equation are a possible indication of ion- 
pairing in aqueous solutions.
The differential dV/do2 is dependent upon solvation, and upon V/do,.
For heavy ions and complexions, dc^  may be negative. A minimum, maximum,
or point of inflexion may occur when dV/dc2 becomes zero in the equation
170.
PART III
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1. APPENDIX I
Diffraction of Light by Ultrasonic Waves
Consider a fluid lying between the infinite planes y = 0 and y = d, and 
let a plane compression wave of wavelength X  progress through it along the 
positive x direction. This creates positive stratifications of matter 
periodically along the x axis, the distance between two successive planes of 
maximum density being 2 •
Let a monochromatic plane light wave of wavelength inside the medium be 
incident, with its wave-noxmal lying in the xy-plane and making an angle 9 with
the y axis (figure 29) • Further let <p denote the angle which a diffracted ray
makes with the y axis. Since the velocity V of the compressions! wave is
always veiy much smaller than the velocity of light, to a first approximation 
the stratification of matter may be considered stationary. The directions <j> 
in which there is appreciable intensity are determined by the conditions that the 
optical path difference between the rays from two successive planes X/2 apart 
shall be an integral multiple of X  . This condition gives a relation between 
X  , 9 and the directions of propagation <p^  of the waves of various orders in 
the diffracted spectrum.
/
BG - AD (xliv)
( €  = 0,±1,±2...)
in the case of noimal incidence 9 = 0
therefore •.(xlv)
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Rewriting equation (xliv) in terms of the angles 9 and (p and the wavelength \
outside the medium, and using the relationship
Sin § _ ~ Sin q> Xl ......... (xlvi)
Sin 9 ~ Sin 9 “ yf
then 2 (Sin 9^  - Sin 9) = ijf X* ....... . (xlvii)
The angular separation between separate orders
Sin 9^  - Sin 9^  ^  9^  - 9^  = 2  (xlviii)
Hence X  may be determined if is known.
Thus for a given X t angular separation decreases with increasing X • 
If X is sufficiently large, the principal lines will be so close together that 
they will not be resolved by the observing instrument, and for this reason 
diffraction effects are not observed when ordinary sound waves are irradiated 
by vis.ible light.
The theory is independent of the motion of the layers, so long as they 
conserve their separation; the layers can be observed by a Schlieren technique 
only if the incident light is pulsed stroboscopically, or if the compressional 
wave path is such that standing waves are set up.
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DIFFRACTION OF LIGHT BY ULTRASONIC WAVE
FIGURE 29 '
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2. APPENDIX II
Derivation of Passynski’s Equation
It is assumed that the molecules of the solvent in the primary solvation 
shell of an ion are compressed to their maximum extent by the intense electrical 
forces round the ion, and that on increasing the pressure, it is the remainder 
of the solvent which is compressed.
A solution of volume V contains a total number n^  moles of solvent of which
n are attached to ions as solvate molecules, and do not contribute to the s '
compressibility? this solution will have a volume-pressure differential,
(xlix)
where V^° is the molar volume of pure solvent. The measured 
compressibility B can be equated to
(i)
From equation (iii)
B (iii)
for pure solvent (li)
B - (nl “ nJ  t  B°
(iii)
Thus if n^ is the number of moles of electrolyte in the solution, the 
solvation number S ist
176.
For dilute solutions, the assumption is made that = V; then
s = ^ (1-fi/fi°)  ^
or a = fi0 (1 - sca/c1)  (iv)
This is Passynski's equation.
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3. APPENDIX III
Derivation of the Pucker Equation
The Debye Huckel limiting law for the difference between the partial molal 
free energy of an electrolyte at any concentration C^ , and that at infinite
dilution, is
A
5a -  52° = < *V1> ET ln  c2 = P 7 ^ V 2  i l  V i  } °2
........(lvi)
1/2
Where A =' % e1000 k
V i is the number of ions per solute molecule of charge z^ . N is Avogadro1 s
number, e is the electronic charge, k is Boltzmann’s constant, and D the
^  2 5/2
dielectric constant of the medium; (7 V.z. ) is the valence factor.1 1
(109)Substituting the following values
N = 6,02380 x 1023 e « 4*80223 x 10~10 e.s.u .
k = 1*380257 x 10~^ erg degree  ^molecule"^
* = 3.14159
gives A ts 2.470 x 1014 e.g. s. units.
Differentiating equation (lvi) twice w. r, t. P gives
$  (h - V ) -  &  ('2 - v )  - - (*2 - ~K ° ) ........«
where represent the partial molal volume and partial molal
compressibility respectively.
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Therefore ^  . C^ 2. f  (D.P.V)
D T
, ^  * (j, p p2 , 2^fi , 6 iD / 1 c^Ds2 6 ^2Dwhere f (D,P,V) = B* + - 6 j ^  + 15 ( 5 jj). - 5  ^ 2
..... «(lix)
Substituting the values of and ^ ^jP2 given by B r i d g m a n ^ )
and Kyropolous^^
* ^ % P  = " 1,03 X 1^ 8 ^ D//& p2 = “ 62,2 x 158
then f (D, P,V) = 6. 49 x 10~^ em^ dynes’"^ bars""''
and K - £ ° = 3.25 x 10“4 2 C ^ 2 ml-bar-1  .(lx)
1/p P V 2
The theoretical slopes of K0 v. C_ S^ = 3*25 (51^. z. ) for
c. 2 •»■ 1 JL
partial molal compressibilities are related to the theoretical slopes S of
1 h
q>2 v. C for apparent molal compressibilities cp^j by the relationship
& K2 3 &  1*2 H
A  o'/2 "  2 i7/! . . . . . . . . .2 2
(110)which holds in dilute solution
3/2 V 2
Therefore 9^ - 92° = 2.17 x 10~^ ( £  ^ ± z±2  ^ ^2 Jnl«bar"^
(lxii)
This is analagous to Gucker’s equation (xi)
0 n n  ^/ 2. / «\
^2 ~ ^2 + x 2  (xl)
180.
The theoretical values of S and Sg for difference valence types are 
listed in table 68.
v2
Valence Type Theoretical Slopes x 10^
1 1  Sx SK
1:1 2.828 6.1 9.2 
2:1 14.69 31.9 4?. 8
2:2 22.63 49.1 73.7
Table 68.
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